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ABSTRACT 
Uncertainty and variability are prevalent in any engineering design. In this study, the 
uncertainty of input parameters for the stability of a landfill veneer cover soil and the integrity 
of a lining system were treated probabilistically using Monte Carlo simulation. Statistical 
information required to postulate the distribution types of input parameters, taken as random 
variables, were identified and characterised using available data from literature survey and a 
designed laboratory repeatability testing programme. The variability and uncertainty of interface 
shear strengths (1:) and the derived strength parameters for three generic interfaces, commonly 
found in a landfill lining system, were computed and compared using these types of 
information. The variability of 1: computed using the combined global database were 3 to 5 
times and could reach up to 7 times higher for the derived strength parameters when compared 
to laboratory repeatability test results. Additionally, a normal distribution was recommended for 
interface shear strengths and derived parameters (except interface adhesion with high COY) for 
good quality data based on subjective and objective statistical test methods. It was demonstrated 
that variability and uncertainty computed using global dataset yielded high failure probability 
when used in a simple reliability analysis. Meanwhile, expert eJicitation based on Delphi 
approach was also conducted to better comprehend the current standard of practice, and 
establish the values and ranges of input properties, which are required for design. The elicitation 
exercise highlighted that more collaboration and co-operation are needed to encourage the use 
of subjective judgement in dealing with uncertainty and variability in design. 
Using the gathered information required for Monte Carlo simulation, deterministic and 
reliability-based design charts based on the modified limit eqUilibrium two wedge method for 
evaluating the stability of veneer cover soil was created and compared. Both charts provided 
safe and optimum designs, but the later one was proven to be more superior in assisting decision 
making. Likewise, the integrity of a multi-lined system in completed and temporary (e.g., cell) 
shallow-sloped landfills, taking into account the variability of significant input parameters, were 
investigated through numerical analyses. The relative shear displacements within the lining 
system and the tensile strains in the geosysnthetic components due to waste downdrag 
settlement were presented in accordance with Eurocode 7 (2004). Two approaches to calculate 
the available shear strengths along interfaces were also proposed, which may yield a more 
representative FS against sliding during and after waste filling in limit equilibrium analysis. 
Key words: landfill, reliability-based design, probabilistic, integrity, stability, Monte Carlo 
simulation 
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Notations 
NOTATIONS 
Unless stated otherwise, the general notations used throughout this manuscript are listed 
as follows: 
a: «p, aLD 
~: ~N' ~LN 
0: 0" and OLD 
/j. 
E: E", 
'Ywaste 
1( 
).I or).lx 
PXY 
cr. Ox or O'm 
O'n, <in, O'nJNT 
if, or if. 
ify or if, 
O't: O'ty 
if" 
if" if3 
1>:1>0 
~: lp, ~LD 
~i 
~INT 
~'Y 
IJf 
~w 
c:cw 
cov 
e,w 
g 
p, 
pdf, cdf 
ko• kg 
k, 
Notation list beginning with symbols: 
Apparent interface adhesion: Peak and large displacement interface adhesion 
Reliability index: Reliability indices assuming normal and lognormal distribution 
Interface friction angle: peak and large displacement interface friction angle 
Incremental value 
Strain: vertical strain 
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Chapter 1 
INTRODUCTION 
1.0 Background 
Chapter 1 - Introduction 
Landfills were conceived in the 1960s as engineered facilities to replace open dumpsites 
for the disposal of municipal solid waste (MSW), with the targets of minimising public health 
and environmental impacts. According to Donnellan (2003), it is estimated that between 170 
and 210 million tonnes of waste are produced each year in the United Kingdom, by households, 
commerce and industry, including construction and demolition. UK alone produces around 27-
28 million tonnes of household waste every year, an average of half a tonne per person, and it is 
rising 3%, annually. Although EU Landfill Directive (1999) changes the way waste is disposed 
in the member states with more emphasis on waste minimisation and increasing recycling, it is 
estimated that 60-80% of MSW from the community still has to be landfilled (O'Leary and 
Walsh, 2002). Pre-treating the waste using methods such as incineration still leave a portion of 
residue to be disposed in landfill. Furthennore, siting new landfills is a difficult task because of 
the 'not in my backyard' (NIMBY) syndrome. Therefore, current landfills are either expanded 
vertically or horizontally (i.e. piggy-backed landfill) to cater for the ever increasing waste 
volume. In short, there is always a demand for landfill facilities. 
The Landfill Directive (1999) requires that an assessment be made of the stability and 
settlement characteristics of the waste, associated structures, and the underlying geological 
strata to prevent any damage to the barrier systems and ensure no unacceptable discharges. 
Issues involved in a landfill design include the assessment of the static and seismic stability of 
the landfill, the settlement of waste and its effect on the in-situ infrastructure, prediction of 
landfill capacity, evaluation and planning for long-term maintenance of cover systems, 
designing new liner systems for side-slopes and overlay expansions of landfills as well as 
designing for post-closure landfill uses. All these must be taken into serious consideration to 
avoid landfill failures and environmental pollution. 
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The primary issue considered in this study is concerned with the ultimate and 
serviceability limit states of the lining system. The long-term integrity of the lining system. 
considering stresses and deformation. must be in a permissible range to ensure that no 
preferential paths such as shear zones in clay liners or tears in geomembranes are formed for 
contaminants. However. the occurrence of failures. introduction of new materials and 
construction practices. developments of new design methods and ongoing changes in waste 
stream, concurrently with the changes in legislative and community lifestyles. have led to 
questionable traditional deterministic designs. In a deterministic design. only one calculated 
value (e.g. factor of safety) is used as an indicator for the level of satisfactory performance. 
regardless of how high the uncertainties associated with the design are. The input parameters 
must be determined with confidence. which is usually not possible. As a precaution. analysts 
and designers opt for conservative values for all the input parameters to ensure a safe design. 
Subsequently. the landfill can be over-designed and expensive to construct. Furthermore. some 
meticulously designed landfills still fail during and after construction. and this prompts for a 
more comprehensive method of evaluation. This project probes into reliability methods of 
design. which are acknowledged as enhancing deterministic analysis and are capable of 
providing a more convincing design (Ang and Tang. 1984; Baecher and Christian. 2003; 
Christian. 2004). by taking into account the uncertainty and variability involved in the process. 
1.1 Objectives and Scope of Study 
The aim of this project is to demonstrate that the probabilistic approach using Monte 
Carlo simulation provides a superior landfill lining engineering design. which can enable all 
involved parties to deliberate on the degrees of uncertainty and variability in the design based 
on the allowable probability of failure or acceptable performance of landfill. This can 
subsequently assist in decision-making. The ultimate and serviceability limit state designs 
considered in this study are limited to the stability of a veneer cover soil and integrity of a lining 
system for a shallow-sloped landfill. that are calculated using limit equilibrium and finite 
difference formulations. respectively. The aim is achieved by accomplishing the following 
objectives: 
1. Understanding landfill components. current design and construction practices as well as 
the application of probabilistic approachs in geotechnical designs; 
2. Identifying a range of acceptable reliability index. ~. or target reliability index. ~" or 
equivalent target failure probability. Pft. for ultimate and serviceability limit state designs 
considered in this study; 
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3. Identifying and quantifying uncertainty and variability of the input parameters involved in 
the landfill engineering designs using objective (e.g. laboratory testing) and subjective 
(e.g. engineering judgement) methods; 
4. Defining the performance functions and applying suitable probabilistic techniques to take 
into account variability and uncertainty of input parameters in designs; 
5. Interpreting the Monte Carlo simulation results to optimise designs or be in accordance to 
Eurocode 7 (2004). 
The proposed methodology in the study has the aim of including the following characteristic: 
• Ease to comprehend the procedures and to compute the necessary values; 
• Flexible to incorporate other new design elements and uncertainties with the innovation 
of new landfill technology; 
• Extendable to other landfill design issues such as the settlement and bearing capacity of 
landfill sites; 
• Suitable for all stages of design (e.g. preliminary de~ign, detailed design and forensic 
studies). 
1.2 Contribution to Knowledge 
By achieving the aim and objectives of the study, the primary contributions are listed as 
follows: 
• The minimum possible variability of interface shear strengths and their derived strength 
parameters has been quantified using a single operated repeatability testing programme 
for a HOPE textured geomembrane (TGM) against fine-grained soil (fines), TGM against 
non-woven needle-punched geotextile (NWGT), and NWGT against coarse soil 
interfaces. The degrees of variability and uncertainty for these parameters using 
repeatability and global datasets from literature studies have been compared, and the later 
is proven to yield over-conservative failure probability. Additionally, the prevalent 
assumption of normally distributed engineering parameters has been justified as 
acceptable to represent these variables, provided that they originate from good quality 
datasets. 
• The current state of practice and the scarcity of information for designs have been 
identified from an elicitation process. The elicitation has demonstrated that subjective 
judgements can be incorporated into the probabilistic design process to obtain prior 
consensus probability distributions of design parameters. However, poor responses have 
illustrated that 'experts' are hesitant to embrace the probabilistic approach in current 
deterministic design, and are cautious when asked to assert probability distributions since 
such information are uncommon in literature. 
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• A reliability-based design chart has been created for the ultimate limit state design in the 
study, which satisfies both factor of safety and failure probability. The charts can be used 
to assist the decision-making process such as whether more testing is required, and to 
optimise design (e.g. maximum allowable veneer cover inclination for optimum volume 
of waste filling) by taking into account the degrees of uncertainty in the input parameters. 
• A feasible methodology based on the probabilistic approach, and in accordance to 
Eurocode 7 (2004), has been devised to evaluate the strength available along the liner 
due to short-term construction related waste settlement, that can be utilised for limit 
equilibrium analysis to depict a representative factor of safety. Additionally, it has been 
demonstrated that the probabilistic approach is able to detect integrity failure, which 
might be overlooked when only mean values of input parameters are assigned in a landfill 
numerical analysis. 
1.3 Organisation of Chapters 
The process and outcomes of the study are written into 8 chapters. In Chapter I, 
introductory notes regarding the on-going demand for landfill structures, and the importance of 
ensuring the stability and functionality of a landfill are asserted. The aim, objectives and 
contributions of the study are also described at the beginning of the chapter, which highlight the 
requirements and significance of probabilistic approach to deal with uncertainty in landfill 
engineering designs. 
Chapter 2 reviews landfill engineering design issues such as waste properties and 
mechanics, and the common testing methods or procedures to obtain the mean and variability of 
input parameters for the ultimate and serviceability limit states designs. Additionally, various 
methods and requirements for reliability analyses based on different approaches are 
summarised. These include matters such as the types and quantification of uncertainty in input 
parameters and performance function, and the range of acceptable failure probability for an 
engineering structure. 
Chapter 3 details the methodology that is utilised in this study, which commenced from 
data acquisition (e.g. laboratory testing and subjective judgments) to the application of the 
probabilistic approach in landfill engineering designs. Monte Carlo simulation is used in this 
study to generate the sampling values based on their assigned probability distribution. These 
sampling values are then utilised in the selected performance functions for the stability of 
veneer cover soil and the integrity of landfill liners. Various tools to achieve the objectives, to 
analyse the designs and to present the results based on the probabilistic approach are outlined in 
this chapter as well. 
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Chapter 4 presents the statistical results of interface shear strengths obtained from the 
repeatability testing programme, which are then compared against global and inter-laboratory 
datasets. These interface shear strengths and their derived parameters are tested for normality. 
Additionally, statistical information of axial properties of geosynthetic components that are 
obtained from external laboratory tensile testing, are also discussed in this chapter. 
Chapter 5 is concerned with the outcomes from the expert elicitation process to estimate 
the mean and consensus probability distributions of other input parameters that may be assumed 
as random variables in the landfill engineering designs. Other key issues relevant to design are 
also discussed. 
Chapter 6 presents the process of integrating the probabilistic approach into the stability 
of a veneer cover soil. A reliability-based design chart is produced, which is able to estimate the 
minimum strength requirement or the maximum inclination for a veneer cover soil by satisfying 
both deterministic and probabilistic criteria. 
Chapter 7 illustrates how the integrity of a multi-layered lining system can be evaluated 
hundreds of times in series of numerical landfill simulations. The results in terms of relative 
shear displacements along the liner and tensile strains in the geosynthetic components are 
interpreted probabilistically in accordance to Eurocode 7 (2004). Additionally, the shear 
strengths that are still available along the liner after the end of landfill filling can also be 
determined using a similar approach. 
Finally, Chapter 8 summarises the key findings of the study, and recommendations for 
future work. 
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Chapter 2 
LITERATURE REVIEW 
2.0 Introduction 
The objective of the literature review is to provide understanding to the reader regarding 
the landfill components and design issues, a comparison between deterministic and probabiIistic 
approaches in landfill engineering design context, the fundamentals of a reliability-based design 
based on probability methods, and finally, the applications of such approaches in geotechnical 
and landfill engineering. Figure 2.1 illustrates a schematic diagram of a municipal solid waste 
landfill containment system, while Figure 2.2 shows examples of a single, a double liner and a 
cover soil system that can form parts of a landfill lining. Various types of interfaces are 
encountered within a landfill lining system, however the scope of this study is limited to 
interfaces between geomembrane against compacted clay liner, geomembrane against 
geotextiIe, and geotextile against drainage material (i.e. granular) since they are prevalent in a 
typical lining system. 
The Kettleman Hills hazardous waste landfill failure have instigated extensive studies 
into the appropriate interface shear strength parameters for design (Mitchell et al., 1990) and 
other essential design issues such as testing procedures (Bliimel et al., 2000), different types of 
models (Chang et al., 1999) and analyses (Seed et al., 1990), interface behaviour (Byme, 1994; 
Gilbert and Byme, 1996), failure mechanisms (Gilbert et al., 1996), waste mechanics and 
appropriate factors of safety (FS) that address the level of confidence in design (Gilbert et al., 
1998; Gilbert, 2001). 
The traditional or deterministic landfill design approach is considered insufficient as 
failures (e.g. excessive waste movements) stilI occurred even when conservative best-estimate 
mean values are assigned to design parameters. In the Kettleman Hills LandfiII, the failure was 
attributed to Iow interface shear resistance along its interfaces. Amaya et al. (2006) presented a 
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case history of liner veneer sliding during construction that was caused by interface shear 
strength reduction as a result of increase moisture content of the exposed compacted clay liner 
and the additional shear stresses induced by surface traffic activity. The Dofia Juana Landfill 
(Hendron et al., 1999) in Bogota, Columbia, and the Rumpke Sanitary Landfill in Hamilton 
County, Ohio (Schmucker and Hendron, 1998), were two cases of landfills that were caused by 
overlooking unanticipated pore pressure build-up within the waste mass during slope stability 
analyses. Koemer and Soong (2000) also documented 10 large solid waste landfills failures that 
were triggered by similar mechanisms of pore pressures build-up within waste mass, wet clay 
beneath the geomembrane, or extremely wet foundation soil. The Cincinnati, Ohio MSW 
landfiII failure in March 1996 (Bid et al., 2000; Stark et al., 2000) was an example triggered by 
multiple mechanisms, causing mobilisation of post-peak shear strength in the brown native soil 
at the base of the existing landfiII. The failures were attributed to toe excavation, blasting-
induced shear displacements, excess pore-pressure due to waste placement and construction 
activity, strain incompatibility between the MSW and native soil, and progressive failure. Other 
disastrous flow failures ofMSW landfiIIs were also reported by Blight and Fourie (2005). 
The Payatas LandfiII or dumpsite in the Philippines on 10 July 2000, could be the worst 
incident of a fast moving MSW waste containment failure as it involved fatality of more than 
250, with estimates of 200-800 people missing (Kiilsch and Ziehmann, 2004; Merry et al., 
2005). Merry et al. (2005) attributed the cause of failure to heavy continuous precipitation, 
landfill gas build-up and a complete lack of engineering and construction supervision. Kiilsch 
and Ziehmann (2004) asserted that the lack of understanding in waste mechanics (e.g. 
uncertainty in behaviour and properties) have led to inaccurate stability analyses that may not 
reflect the strength characteristic of waste and operators carrying out poor operating measures, 
which caused the Payatas LandfiII and the Ano Liosia Landfill failure in Athens. Gross et al. 
(2001) identified and classified a list of problems found in 74 modem landfills and 
impoundment facilities during design, construction and operational stages, which clearly 
highlighted the insufficiency of current deterministic landfill stability design to deal with 
uncertainty. According to them, 17%,5%, 14% and 21% of the identified landfill problems, 
respectively, were associated with landfill liner construction, liner system displacement, liner 
system stability and cover system stability. These failures can be reduced by broadening the 
analysis to a reliability-based using probabilistic approach design, in which the possibility of 
failure due to uncertainty, can be dealt with explicitly before construction. 
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Figure 2.1 Schematic diagram of a municipal solid waste landfill containment system (Qian et 
al.,2002) 
MSW---;:;:;::::::::: 
Geomembrane _-''''''"''''' 
....... / ....... . 
. ,',/.:, .', .... , 
'II:TOP or cover soil ~ Geotextile separation 
1IIIIEE~~~m!a~terial protection Compacted clay liner 
Gas collection layer: 
High-porosity material 
MSW 
Figure 2.2 Examples of (a) single, (b) double liner and (c) cover systems 
2.1 Landfill Design Component: Municipal Solid Waste 
Currently, waste characteristics are often described using soil mechanics approach. 
However, waste has its own characteristic, which raise difficulties when the constitutive laws, 
behavioural models and geotechnical investigation methods, that are normally directed to soil, 
are applied to waste (Grisolia et al., 1995b). These have led to extensive research into the field 
of waste mechanics. In this section, the behaviour and properties of waste are discussed but 
limited to municipal solid waste (MSW) comprising of residential or domestic, commercial and 
industrial wastes. Subsequently, the discussions are extended to the different types of waste 
models used for landfill analyses, specifically, for the stability and integrity of the waste mass 
and lining system. 
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2.1.1 MSW behaviour 
Many works have been published on the behaviour of MSW, which include the 
compressibility of waste particles, volumetric. phase and changes in waste materials, stress-
strain behaviour, and creep and degradation of waste with time. The primary behaviour 
differences of MSW from soil materials are summarised as follows: 
• Waste particles are compressible. The compressibility of waste mass is attributed to inter-
and intra-particle voids (Zhang, 2007; Powrie et al., 1999; Beaven, 1999; Landva and Clark, 
1990); 
• Waste may not be saturated and thus, the classical saturated soil mechanics theory is not 
suitable to characterise waste properties and behaviour; 
• The liquid retention within the waste mass from different mechanisms can be described in 
terms of wilting points, moisture contents, field capacity and porosity (Zomberg et al., 
1999). These parameters are dependent on overburden pressures as well as the degradation 
state; 
• Most wastes display contracting-type behaviour and decrease of volumetric strains with 
increasing confining stresses (Figure 2.3a), and hence depth of the landfill (Gotteland et aI., 
2001, Machado et al., 2002); 
• The deviator stress increases continuously with the axial strain in a triaxial test (Figure 
2.3b), without reaching a well defined peak of the stress-strain curve (Grisolia et aI., 1995b 
and Machado et al., 2002). The material does not yield even at triaxial strains as high as 
20% to 40% (Yako and Marr, 2003; Dixon and Jones, 2003b). Grisolia et al. (1995b) 
surmised that waste particles progressively arrange themselves perpendicularly to the 
direction of the acting stress and hence, react similarly to reinforced soil. Dixon and Jones 
(2003b) attributed strength increase to the sample becoming stronger and denser, and hence 
increasing the shear strength as it compresses; 
• Waste displays creep behaviour similarly to peat soils, including time-dependent particle 
distortion, bending, crushing, particle reorientation and ravelling (Dixon and Jones, 2003b). 
This behaviour is dependent on the age of the waste as well as the depth of the burial (i.e. 
stress state) and this behaviour was reflected in the pressuremeter test results carried out by 
Dixon et al. (2006b); 
• Waste properties such as unit weight, moisture retention properties (e.g. field capacity, 
moisture content), shear strength, compressibility and stiffnesses change with time due to 
degradation. Furthermore, degradation contributes to a major portion of waste total 
settlement (Oweis, 2006);' 
• Waste is anisotropic, in which its strength and stiffness depend on the magnitude and the 
orientation of applied stresses. The occurrence of anisotropy is due to the deposition of 
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waste m layers, the changing of composition and properties of waste by biological, 
chemical and physical processes during the time of deposition (Kiilsch, 1995). 
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Figure 2.3 Consolidated drained triaxial compression test: (a) Volumetric versus axial strains 
and (b) stress-strain curve (Machado et al., 2002) 
Waste behaviour is the combined effect of coarse elements (e.g. paper, food, yard and 
animal waste) and fibre-like elements (e.g. plastic, textile, metal and timber), presumably 
similar to behaviour for reinforced soil systems (Cowland et aI., 1993; Jessberger, 1994b; 
K6lsch, 1995). Machado et al. (2002) referred to the two types of elements that command MSW 
mechanical behaviour as (a) the reinforcement of MSW by synthetic fibres and (b) the MSW 
paste (without fibres). Due to the existence of both elements in MSW, it is difficult to 
comprehend the behaviour of waste, either on the wet side or dry side of the critical state line 
based on the critical state theory. A more detailed discussions on the two-phases of can be found 
in Zhang (2007), and Krase and Dinkler (2005). 
2.1.2 MSW classification 
Due to heterogeneity and various composition of waste, its geotechnical properties vary 
significantly, which has resulted in numerous works on waste classification using index and 
mechanical properties. Grisolia et al. (1995a) grouped the waste into 3 categories: inert stable, 
highly deformable and readily biodegradable, while Thomas et al. (1999) proposed using 2 
categories: soil like and non-soil like. K6lsch (1995) produced a waste classification system 
based on 7 material groups, particle size and particle shape (i.e. grain, fibre, sheet, box). The 
drawbacks of these classification systems were discussed by Dixon and Jones (2003b). Based 
on an overview of existing waste classification systems, Langer (2005) developed a 
classification framework that considered the engineering properties (e.g., shear, compressive, 
and tensile strength), size distribution and component shape (reinforcing, compressible and 
incompressible) and degradation potential of waste. Without a unified waste classification 
system to date, it is difficult to establish standardised field and testing methods for MSW. 
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Consequently, waste properties are currently evaluated based on best practices and tecbnology 
available, and may be clouded with high degree of uncertainty. 
2.1.3 MSW mechanical properties 
To date, the MSW mechanical waste properties are defined using similar approaches to 
soil materials. Because of high permeability of waste material and the absence of pore water in 
municipal solid waste landfills (assuming effective leachate collection systems at the base of the 
landfill), it can be assumed that in many cases no excess pore water pressures are generated 
(Howland and Landva, 1992; Landva et al., 2000). Therefore, most of the waste properties for 
landfill designs are in effective terms. Since the scope of this study does not considered pore 
water pressures in the landfill engineering designs, the hydraulic aspect of the waste such as 
permeability, and water retention properties of waste are excluded in the literature survey. The 
subsequent discussions highlight the uncertainty and variability associated with waste properties 
for engineering designs . 
• :. Unit weight of waste 
The unit weights of waste (Yw"'te) are required for almost all geotecbnical aspects of 
landfill design (Dixon and Jones, 2005; Zekkos et al., 2006). In landfill stability and integrity 
design, the bulk unit weight is necessary for the calculation of overburden pressures at specific 
depth, while the dry unit weight is sometimes used as an indication of the degree of compaction 
of the waste. Therefore, most literature regarding landfill engineering designs or waste 
mechanics cite Yw,"~ values. 
The Yw,"~ values from about 60 research papers are summarised in Figure 2.4. These 
values range from as low as 1.1 kN/m3 to as high as 20 kN/m3 with an average of 9.4 kN/m3 and 
a standard deviation of 4 kN/m3• The wide scatter of Yw,"~ is attributed to different compaction 
efforts applied onto the waste, variations in the constituents and the age of the wastes (e.g. 
differing with time, economic, cultural and geographic location), varying depth during in-situ 
waste measurement, different types of landfill (e.g. bioreactor landfills, dry landfills), and 
inconsistent methods of assessment such as laboratory testing (Landva et al., 2000; 
Kavazanjian, 1999; Gabr and Valero, 1995; Grisolia et al., 1995), test pits (Kavazanjian, 2001; 
Thomas et al., 1999), and landfill records and survey (passett et al., 1994). The researchers also 
adopted different approaches in estimating the density of waste, extending from rough 
assessment using weighbridge and aerial survey to detailed contribution of each constituent to 
the overall Yw,,~ (Landva and Clark, 1990). They suggested that values of in-situ Yw",~ that were 
greater than 14 kN/m3 indicated an error in measurement of either volume orland weight. Based 
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on their experience, the likelihood of weighing error is small but the maximum volume error 
can be ±15%. 
There is no quantitative definition of poor, moderate and good compaction stated in the 
literature. Based on qualitative defined compaction effort, the average values of unit weight for 
each category in Figure 2.4 are higher than that given by Fassett et al. (1994) in Table 2.1. The 
low values may only represent the total weight of refuse without daily cover soil in a unit 
volume of landfill. Furthermore, the values in Figure 2.4 also included unit weights obtained 
from wet landfills and also laboratory compacted waste, which normally yielded higher Ywas,,' 
25.0 ~ 
1.(Mean, Standard deviation) I MS 1 = Average values from :z: 20.0 0 
"" 
0 0 literature survey ~ 
~ 15.0 ~ o 0 i 2 = Poor compaction 
'- o (12.0,2.1) 0 10.0 (9.4,4.0) 0 * (9.9, 1.4) 0 ~ 3 = Moderate compaction -'" 01) 
,(7.0,3.8) .~ 5.0 
~ 0 4 = Glod compaction 0.0 
1 2 3 4 
Indicator 
Figure 2.4 Unit weights of waste based on compaction effort from literature survey 
Table 2.1 Statistical summary of unit weight data based on compaction effort (Fassett et aI., 
1994) 
Range (kN/mJ) 
Average, Xm (kN/m3) 
Standard deviation, O'm (kN/m3) 
Coefficient of variation, COV (%) 
Poor Compaction 
3.0 - 9.3 
5.3 
2.5 
48 
Moderate 
Compaction 
5.2 -7.8 
6.9 
0.5 
8 
Summary of typical trends of MSW unit weight in the literature are as follows: 
Good Compaction 
8.8 -10.5 
9.6 
0.8 
8 
• Oweis and Khera (1986) reported that the unit weights of fresh waste were slightly higher 
than that of older waste, while Ktilsch (1995) adopted higher Yw"" for older waste. Based on 
the findings by Fassett et al. (1994), dry unit weights of both newer and older wastes were 
approximately equal. 
• It is found generally that the unit weight of waste increases with increasing depth (Fassett et 
al., 1994, Van Impe and Bouazza, 1996b; Burlingame et al., 2007). Zomberg et al. (1999) 
and Kavazanjian (1999) showed similar trend of increasing Yw"" of about 12 to 16 kN/m3 
near the ground surface to 14 to 17 kN/m3 at a depth of 60 to 70 m. 
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• Organic and moisture contents of MSW influence the bulk density of the waste. Yako and 
Marr (2003) stated that the total "{w",,, increases with moisture content and degree of 
degradation. They further stated that the bulk ,,{w,," of dry and wet landfills (e.g. higher 
moisture content and degree of degradation) in US are in the range of 10 to 17 kN/m3 and in 
excess of 20 kN/m3, respectively. 
Finally, Zekkos et al. (2006) developed a MSW unit weight model based on a hyperbolic 
relationship, that is a function of mean confining stress or depth of landfill. Although the model 
was validated against field data, it still inherits model uncertainty (Section 2.7.1) especially 
since "{was,, is site-specific, but the model is only an empirical estimation . 
• :. Shear strength of waste 
Shear strength of waste provides resistance to the overall and local stability of a waste 
mass, and is required for integrity analyses of the landfill slope and lining systems (Dixon and 
Jones, 2005). Normally, there are three primary methods for assessing the shear strength of 
waste; laboratory testing, field testing, and back calculation from failures and load tests. The 
factors influencing shear behaviour of MSW, discussed in extent by Langer (2005) and Dixon et 
al. (2004b), are summarised in Figure 2.5. They also emphasised that a wide range of values 
reported in the literature are due to unsuitable methods from soil mechanics being used for 
investigation and evaluation of waste properties. 
The behaviour of waste is governed by two elements, namely, the paste and fibres. 
Kolsch (1995) proposed that the shear strength of waste (frictional and tensile properties) 
controlled by these two elements should be quantified separately. However, the triaxial and 
direct shear tests can only record the frictional properties of waste but not fully the 
reinforcement effect. Therefore, it is impossible to correctly obtain the shear strength in a 
triaxial or direct compression test alone. 
Currently, shear strengths of waste in most landfill analyses are described based on 
Coulomb failure envelopes. Therefore, the shear strength of waste is defined by the pair of shear 
strength parameters: interface friction angle (<\lw) and cohesion (cw). The shear strength 
parameters of waste from 1979 to 2001' compiled from the literature are plotted in Figure 2.6. It 
can be seen that the shear strength parameters are in the range reported by Kavazanjian et al. 
(1995), with friction angles in the range of 10° to 53°, while the cohesion values vary from 0 to 
67 kPa. Conservative combinations of cohesions and friction angles proposed by Oweis and 
Khera (1986) for assessing stability are also plotted as (1) and (2) in Figure 2.6, where: 
(I) cw =47.4 kPa and O<l"w <10° 
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(2) Cw < 47.4 kPa and lO < l"w < 26.50 
Since no ultimate value was observed in the stress-strain curves of waste (Section 2.1.1), the 
shear strength parameters to define the Coulomb strength envelope may be referred to some 
value of strains (i.e. permissible strain). Reddy et al. (1996) adopted <l>w of 30° and Cw of 12 kPa 
at 20% of axial strain. Grisolia and Napoleoni (1996) quoted <l>w and Cw of Hio and 5 kPa at an 
axial strain of 10%, and <l>w and Cw of 20° and 30 kPa at an axial strain of 25%. 
• Origin 
• Seasonal 
fluctuation 
• Changes in 
consumerism 
• Legislative 
• Age of waste 
• Status of 
catchment area 
Fibrous 
waste 
(e.g .. 
untreated 
MSW) 
waste 
(e.g., 
milled, 
shredded 
forces 
($.) 
• Bonding 
resistance (cw) 
• Tensile strength 
(I;w) 
CPT (Kavazanjian, 2003) 
SPT (Kavazaniian. 2003) 
Figure 2.5 Factors influencing shear behaviour of MSW 
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Figure 2.6 Shear strength parameters from literature survey 
As MSW'behaves like reinforced soil, it is expected that the shear strength increases with 
the increasing effective normal stress (0' ,j until the reinforcing materials pullout at low 0' n or 
tear at high o'n. Kavazanjian et al. (1995, 2001) stated a bi-linear failure envelope, in which the 
G>w is 0° with Cw of 24 kPa at do below 30 kPa, and G>w is 33° with Cw = 0 at do greater than 24 
kPa. Manassero et al. (1997) and Van Impe and Bouazza (1996b) divided the design values of 
G>w and Cw to three zones (see Figure 2.7): (1) G>w of 0° and Cw of 20 kPa for 0:0;0'0<20 kPa, (2) G>w 
of 38° and Cw of 0 kPa for 20:0;0'0<60 kPa, (3) G>w of 30° and Cw greater than 20 kPa for 0'0;::60 
kPa. However, Jessberger et al. (1995) argued against the bilinear failure envelope because 
there is no clear break point of waste shear strengths due to various reinforcing elements with 
different tensile strengths and stress-strain behaviour. The bilinear Coulomb failure envelopes 
including suggested design line by Jones et al. (1997), and the average G>w and Cw of 29.1° and 
23.4 kPa using data points from the literature survey, are plotted in Figure 2.7. 
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Van Impe (1998) stated that old refuse samples have higher shear strengths than fresh 
deposited refuse samples. Nevertheless, it can either increase or decrease with time depending 
on the loading history, the composition of waste (Gabr et al., 2007; KOIsch and Ziehmann, 
2004), and whether the particles remaining after decomposition have stronger or weaker 
interlocking (Cowland et al., 1993). Gabr and Valero (1995) cited that Cw decreases as a 
function of water content (w) from approximately 100 kPa at w of 55% to 40 kPa at w of 72% . 
• :. MSW compressibiJity and landfill settlement 
MSW is a highly compressible material. It is important to estimate the waste settlement 
because it influences the function of the intemal landfill structures (e.g., sumps, leachate and 
gas collection systems), the efficiency of waste placement, the available volume for waste 
placement, and the final profile for landfill final cover and post-closure uses. However, the 
estimation and prediction of landfill settlement due to self-weight of waste is difficult as MSW 
is heterogeneous. The key literature on MSW compressibility and landfill settlement are 
summarised in Sharma and De (2007), Oweis (2006), Langer (2005) and Landva et al. (2000). 
Landfill settlement is the focus of review in this section because the effect of downdrag from 
waste compression to liner integrity, is a primary aspect investigated in Chapter 7. Overview of 
typical values to calculate waste settlements and factors which causes uncertainty in the 
estimation are also provided. 
The total settlement of the waste can be in the range of 25% to 50% of the original waste 
thickness (Bjamgard and Edgers, 1990; Ling et al., 1998; Oweis, 2006), which is the summation 
of immediate, primary (instant), and secondary (delayed) compressions (Landva et aI., 2000). 
However, the immediate compression that occurs instantaneously is normally disregarded. 
According to Manassero et al. (1997), waste settlement typically range from 5% to 30% of the 
initial thickness (H.,) under its own weight, with most of the settlement occurring in the first 
year or two. A final surface settlement of 20% of the waste initial thickness was taken as being 
typical of a UK landfill comprising of mainly domestic waste (Jones and Dixon, 2005). The rate 
of settlement decrease over time and with increasing depth below the surface of the fill. 
Dixon and Jones (2003b; 2005) stated that the mechanisms of primary settlement 
included physical compression and consolidation (relevant for saturated waste bodies). Landva 
et al. (2000) asserted that the secondary compression comprised of plastic creep, decomposition, 
ravelling, and corrosion, oxidation and combustion (separately or in some combinations). The 
rate of secondary settlement depends on the amount of available oxygen and water in the waste 
(Van Impe and Bouazza, 1996b), and suitable landfill temperatures to facilitate the mechanisms. 
However, Oweis (2006) and Marques et al. (2003) identified the total settlements as comprising 
mainly short-term (Le., mechanical primary and creep compressions) and long-term (Le., 
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mechanical creep and decomposition) components. According to Ling et al. (1998), Sharma and 
De (2007), and Dixon and Jones (2003b), the primary compression typically occurs during the 
first few months after waste placement and thus, is completed by the time a landfill is closed. 
Meanwhile, secondary compression can extend over decades (Yako and Marr, 2003; 
Kavazanjian, 2001). 
Primary and secondary settlements are usually estimated using one-dimensional (iD) 
consolidation theory (Sower, 1973; Fassett et aI., 1994; Sharrna and De, 2007). Therefore, 
primary (Cc) or modified primary (C",) compression index, and secondary (Ca) or modified 
secondary (C,,) compression index are required using this approach. The definitions of C", and 
C" are given in Equation (2.1) and (2.2). 
c =~ 
ce 1 +e
o 
(2.1) 
(2.2) 
where eo is the initial void ratio, I'1E,p and I'1E" are the incremental primary and secondary 
strains, while 1'1 log crn and 1'1 log t are the logarithmic incremental of overburden and time. A 
major drawback of ID consolidation method for estimating waste settlement is that the e-log crn 
and e-log t relationships are often not linear. Therefore, Coo and C" vary with overburden and 
time from initial measurement. Nevertheless, the soil mechanics approach is still widely used in 
practice due to its simplicity and familiarity (Sharma and De, 2007). 
Figure 2.8 illustrates C", values that are compiled from some research papers dated from 
1973 to 2002. The literature values are in the range of 0.1 to 0.5 with an average value and 
standard deviation of 0.2 and 0.054, respectively, while Oweis (2006) reported typical Coo 
values in the range of 0.1 to 0.25. The wide range of values for compression indices are 
attributed to various waste composition and evaluation methods, different overburden stress 
levels associated with C", values, and inclusion or exclusion of decomposition component. 
The average and standard deviation of C" gathered from literature dated from 1973 to 
2002 are 0.047 and 0.042, respectively. The C" values in Figure 2.9 are consistent with the wide 
range (0.02-0.32) stated by Oweis (2006). The time-dependent C" values are relatively more 
scattered if compare to the stress-dependent Coo values because the C" values are of different 
ages and experiencing different decomposition rates. Additionally, the Ca or C" values from 
laboratory tests are underestimated because they do not consider the biodegradation component 
of the secondary compression. Hossain et al. (2003) asserted C" values ranging from 0.02 to 
0.03 and are independent of the decomposition. Additionally, the ratio C,ICc or C"/C", is 
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estimated to be in the range of 0.075 to 0.17 for MSW with low organic content, to 
approximately 1.0 for MSW experiencing severe biodegradation (Manassero et al., 1997). The 
average C,o/Cce ratio of 0.24 estimated using data compiled from the literature is consistent with 
the values presented by Manassero et aL (1997). 
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NA VFAC (1983) summarised separately the C" of 0.1 to 0.4 (e.g. combination of creep 
and biodegradation) for waste subjected to self-weight, and 0.02 to 0.07 for settlement under 
external loads (e.g. final cover systems, construction of structures). Sharma and De (2007) 
supported the need to quantify C" separately because the self-weight settlement may have been 
completed by the time the extemalloads are applied onto a landfill that is ready for closure. 
Alternatively, numerous researchers adopt empirical models to estimate the total or/and 
long-term (i.e. secondary) waste settlement in landfill. The logarithmic function (Yen and 
Scanlon, 1975; Sohn and Lee, 1994~, rheological and power creep models (Edil et al., 1990), 
and hyperbolic function model (Ling et al., 1998), were developed by fitting mathematical 
relationships to the laboratory and field settlement data. However, these empirical models do 
not separate the primary and secondary settlements, or the long-term compression contributed 
by different settlement mechanisms. Thus, it is difficult to consider primary and secondary 
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settlements individually, or settlements due to time-dependent biological degradation and 
mechanical creep at a later stage of a numericallandfill analysis. In addition, Mei~ner and Abel, 
(2000) presented the prediction of long-term settlement of MSW landfills due to waste 
biodegradation based on total gas production. 
Marques et al. (2003) developed a composite compressibility model to calculate total 
settlement. The model used both ID consolidation theory and empirical relationships to 
compute primary and secondary settlements, respectively. Additionally, long-term compression 
due to time-dependent biodegradation and mechanical creep were considered separately, and the 
history of waste placement was taken into account in the model. Likewise, Oweis (2006) 
separated the mechanical primary and secondary (e.g. long-term) compressions, as well as the 
long-term compression into mechanical creep and biodegradation decomposition. Their primary 
and mechanical creep were based on a soil mechanics approach, while the decomposition was 
according to mass loss (gas generation) using a first order decay model (USEP A, 1998) . 
• :. Coefficient of pressure at rest 
According to Dixon and Jones (2005), any assessment of wastelbarrier interaction for 
short- and long-terms require information on the in-situ stresses within the waste body and the 
lateral stiffness of the waste, as well as the time dependent variation of these parameters as the 
waste degrades. For a body at rest, such information is expressed in term of coefficient of earth 
pressure at rest (K,), which is the ratio of effective horizontal (dh) to vertical stresses (dv) in 
Equation (2.3). 
K = (Yh' 
o (Y' 
v 
(2.3) 
Unfortunately, there is a dearth of information regarding coefficient of earth pressure at rest 
from laboratory or field tests. 
Jones et al. (1997) estimated Ko values of 0.2 to 0.3 using the triaxial test results by 
Jessberger and Kockel (1993). Landva et at. (2000) found that Ko values decrease consistently 
with an increase amount of fibrous constituents, but is constant with the applied vertical stress 
using laboratory large-size split ring apparatus. They reported Ko in the range of 0.23 to 0.40 
and 0.47 to 0.49 for fresh (i.e. 3 to 6 years old) and old waste, respectively. The long-term 
coefficients of earth pressure at rest were estimated by carrying out laboratory tests with a split-
ring consolidometer by excluding decomposable constituents such as paper, wood, textiles, 
rubber and miscellaneous from the waste samples. However, their Ko values only represent 
disturbed samples of synthetic wastes, which do not replicate the actual field conditions, 
especially the particle sizes and placement methods (Dixon and Jones, 2003b). 
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Dixon et al. (2004b) found that Ko values obtained from field testing, namely from 
pressure cells and pressuremeter tests, are greater than the values obtained from the laboratory 
tests by Landva et al. (2000) as shown in Figure 2.10. Nevertheless, Jones and Dixon (2003) 
cited that it is not possible to draw conclusion for a typical range of Ko due to the scarcity of 
data and thus, a lower Ko (Le., Ko= 0.4) would be more suitable and safe for design. Similar to 
Landva et al. (2000), Dixon and Jones (1998) indicated that degraded waste has higher Ko value 
than the fresh waste. They explained that as waste degrades and settles, it becomes denser with 
an associated increase in horizontal stresses. 
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calculated from self-boring pressuremeter tests (Dixon and lones, 1998) versus 
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.:. MSW stiffness parameters 
There are a number of different stiffness moduli reported in the literature such as elastic 
or Young's modulus (E,o",g), shear modulus (G), bulk modulus (B) and constrained modulus 
(D), which are used to quantify the response of a material to a change in stress (e.g., to compute 
strains and deformations). E, G and B moduli can be related to each others based on small strain 
elasticity theory using Equations (2.4) and (2.5), where 'l) is the Poisson's ratio. Fellenius (2006) 
showed that the constrained or oedometer modulus (D) is related to E using Equation (2.6). 
Alternatively, D can be expressed in terms of modified primary compression index (Lambe and 
Whitman, 1969) using Equation (2.7), where 0'" is the average vertical effective stress defined 
as 'Yw,,,,zJ2. These relationships may be entirely inappropriate since the particles of waste are 
highly compressible (e.g., large strains) and in-elastic (Fassett et aI., 1994). Nevertheless, 
Abbiss (2001) evaluated the small strain stiffness parameters for MSW using in-situ shear wave 
velocity and damping measurements, and has developed a theoretical analysis to calculate 
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deformations in a non-linear material such as MSW, based on these stiffness parameters and the 
damping parameter as a function of strain. Some key papers relevant to stiffnesses of waste and 
its methods of evaluation include Dixon and Jones (2005), Dixon et al. (2004b), Dixon et al. 
(1999) and Dixon and Jones (1998), which are based on field testing (e.g. pressuremeter, 
pressure cells), and Jessberger and Kockel (1993) that is based on soil mechanics laboratory 
tests. Alternatively, E,oung can be obtained from compression tests that are documented in 
significant research papers such as Gotteland et al. (2001), Landva et al. (2000), and Powrie and 
Beaven (1999). 
E young = 2G(1 + v) 
Eyoung = 3B(1- 2v) 
D 
(1- v)Eyoung 
(1- 2v)(1 + v) 
D= O'va 
0.435Cce 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
Poisson's ratio (v), defined as the ratio of a change in lateral to a change in vertical 
strains, is required to evaluate the stiffness parameters based on t.'1e elasticity relationships. 
Jessberger and Kockel (1993) iIlustrated that v increases linearly from 0.05 to 0.30 
corresponding to increase of vertical strains from I % to 20% for household waste based on 
laboratory triaxial compression tests, and that v was independent of confining pressure. Abbiss 
(2001) computed v of 0.36 for MSW at a depth of 1 m below surface level of a completed 
landfill based on in-situ measurements of shear and compression waves velocities. The v values 
presented in both research papers correspond with drained conditions (e.g. high permeability 
MSW). Jones and Dixon (2005) found that \) in the range of 0.1 to 0.3 did not yield any 
significant changes in the stress distribution modelled in a lining system. 
E"ung is the slope of a stress-strain relationship for a linear, isotropic, elastic material. 
However, the portion of non-linear stress-strain curve can only be assumed linear if the strain is 
considered small. Gilbert and Byme (1996) reported results from Sharrna et al. (1990) and 
Fassett (1993) ofE,oung values for MSW ranging from 100 to 10000 kPa, depending on the type 
of waste and placement method. Jones (1999) utilised E"ung and v of 500 kPa and 0.3 to yield 
MSW long-term settlements of 20% in a closed landfill numerical model, while Burlingame et 
al. (2006) adopted E,oung of 8 MPa and v of 0.2. This demonstrates a wide range of E,oung values 
that can be adopted by practitioners, which have significant impact on waste stability and 
compressibility, as well as the responses to the lining system from waste settlement downdrag. 
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Small strain G modulus can be evaluated from shear wave velocity data using Equation 
(2.8), where Ywasle and vsh refer to the bulk unit weight of waste and the shear wave velocity, 
respectively. For large strains occurring in MSW, Kavazanjian (2001) conducted simple shear 
tests, while Dixon and Jones (1998) carried out pressuremeter test to evaluate G. Figure 2.11 
showed a typical plot of loading curve produced by a high pressure dilatometer (HPD) 
pressuremeter test in MSW. The G values are the slopes bisecting small cycles of unloading and 
reloading curves (Dixon and Jones, 2005). Based on the loading curves in Figure 2.11, strain-
hardening behaviour (Le. increase in stiffness with strain) was observed, as the gradient of slope 
bisecting small cycles of unloading and reloading become steeper with further position of the 
unloading-reloading cycle from the origin. 
(2.8) 
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Figure 2.11 Loading curves of high pressure dilatometer (HPD) in MSW (Dixon and Jones, 
2005) 
Sharma et al. (1990) quoted G of 29 MPa as a representative value for MSW. However, 
they suggested V of 0.46, which indicates that the material is almost incompressible (or 
saturated) and in contrast with the characteristic of MSW (e.g. high permeability and 
compressibility). Using shear wave velocity data measured in a completed landfill, Abbiss 
(2001) reported small strain G for MSW of 4.4 MPa. Kavazanjian (2001) stated that the small 
strain shear modulus of waste may vary from 10 to 45 MPa near the surface to 130 to 320 MPa 
at a depth of 60 m. Based on the modulus reduction curves developed from simple shear tests on 
OIl landfill waste, he deducted that the shear modulus of MSW at 1 % strain (Le. large strain) is 
in the order of 25% of the small strain value. Their G values are in agreement with the 
pressuremeter data from Dixon et al. (2006b), which showed the unload/reload modulus in the 
order of 2.5 MPa near the surface for fresh waste, and 20 to 30 MPa for older waste at a 
pressure corresponding 20 to 30 m of overburden as illustrated in Figure 2.12. 
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She~f Modulus (MPa) 
20.0 25.0 30.0 35.0 
• 
.1st Loop - Fmsh MSW 9urntrtump 
• 
_2nd Lo~_ FMSh MSWBumtstump 
• 
DJrd Loop - Fresh MSW Burnlstump 
. 
I • 
. 
84th loop -FrC<6h MSWBumtslump 
0 61s1Loop- FRlsh MSW Calwrl(SBPj 
.A.2nd loop" Fresh MSW Calv.;,rt (SSP) 
• 
43 III l cop· Fresh MSW Calvert (,SBP) 
.411 Loop· Fmsh MSW (SBP) 
A511 Loop - FtQSh MSW CalvlOrt (SBP) 
.1stLoop· Fresh MSW Galwrt (HPO) 
.2nd loop- Fmsh MSWcalvert(HPD) 
• 
o3rn Loop" Frosh MSW Calvgrt (HPO) 
.41h loop· Frooh M8WCalvertll-!?D) 
• <>5th loop - Fresh MSWCalva1 (HPDj 
~1st Loop- 12ygar old MSW (SBP) 
1l2nd lOq:l.12 yaarold MSW{SBP) 
• mrd Loop-12yeatold MSW{SBP) 
!t41h Loop·12 yaarad MSW (SSP) 
.1stLoop·15yearol~ MSW 
" 
_2nd Loop - 15 YI!I!IF old MSW 
G3rd Loop • 15y;ar old MSW 
Figure 2.12 Shear modulus from unload/reload loops vs, maximum cavity stress before loop 
(Dixon and J ones, 2005) 
4 
12 
16 ·······'T 
x 
, 
..•..•.•...•. <-_ .•.•. __ ... __ .• 
o HPD Bumtstu1ll' <I year old MSW 
III SBP Calvert <3 year old MSW 
• HPD Calvert <I year old MSW 
• HPD Calvert 5 year old MSW 
+ SBP Calvert 12 year old MSW 
XHPDCalvert 15 year old MSW 
"" ""." ... " ... " ... '--,----,------,-----'1 
wL-____ ~ ____ ~ ____ ~ ______ L-____ ~ ____ J-____ -L ____ ~ 
o 2 4 6 8 10 12 14 16 
Initial Shear Modulus (MPa) 
Figure 2.13 Initial shear modulus versus depth below ground from pressuremeter tests data 
(Dixon et aI., 2006b) 
The initial shear modulus (Gi) versus depth below ground level from pressuremeter tests 
conducted by Dixon et al. (2006b) is plotted in Figure 2.13. There is a small increase of G;, in 
the order of 1 MPa from 2 to 15 m below ground level for fresh waste, The older waste 
displayed significant scatter of Gi with depth, which can be attributed to different rate of 
composition in the heterogeneous waste. Dixon et al. (2000) stated that the average shear 
stiffness of waste is 5 MPa for the given stress and strain levels. This value is about 3 times 
lower than the average values normally estimated for over-consolidated clay, Likewise, the ratio 
of initial shear modulus to cavity reference pressure (GiPo) for fresh waste vary between 5 and 
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35 and are also roughly 3 times less than the typical range of 70 to 100 for London Clay (Dixon 
et aI., 2006b). 
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Figure 2.14 Secant shear modulus from unload/reload loops for 0.001% strain vs. maximum 
cavity pressure before loop (Dixon et aI., 2006b) 
Additionally, the unload-reload shear modulus obtained from the pressuremeter tests is 
dependent on the cavity strain. Hence, the modulus values increase for subsequent loops (i.e. 
increasing strains). Figure 2.12 illustrates the shear modulus versus maximum cavity pressure 
(i.e. horizontal stress in the waste adjacent to pressuremeter) at the beginning of the 
unload/reload loop, for wastes of different ages (Dixon and Jones, 2005). They asserted that 
there is trend of increasing shear modulus with stress level and hence, depth of landfill. From 
Figures 2.12 and 2.14, it can be observed also that older waste has a lower stiffness for a given 
horizontal stress as most values sit below the fresh waste data. 
The bulk modulus (B) measures how much a material compresses in volume (!!,. V fV) 
under an applied external pressure (!!.P). In literal terms, B [!!"P/(!!" VfV)] is the ratio of the 
change in pressure to the fractional volume compression. Similar to other waste stiffness 
parameters, there is a paucity of data regarding bulk modulus of waste. Nevertheless, B can be 
determined using Equation (2.5) for small deformations (i.e. elastic range) or using Equation 
(2.9) if compression test data is available, where K is the slope of the unloading-reloading loop 
of void ratio versus applied stress, e- In On (Budhu, 2000). 
B (2.9) 
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Ienevein et al. (1996) investigated the effect of waste bulk modulus to landfill stability by 
varying the magnitude an order higher and lower than the baseline values of 2681 kPa, with 
constant 'll of 0.2. From the results of the finite difference numerical landfill model, they 
asserted that the landfill stability increases with an increase of waste bulk and shear moduli. 
They attributed that high waste compressibility causes large displacement along the backslope 
and hence, induces greater amount of strain-softening along interfaces. 
According to Fellenius (2006), the constrained modulus (D) is similar to Young's 
modulus but with the condition that lateral expansion of the loaded area is constrained. 
Therefore, D is used instead of Eyo""g to investigate the ground response when loading a large 
area, in which the lateral expansion is minimal. Using Equations (2.5) and (2.6) and assuming 'll 
of 0.1 for MSW, D is equal to 2.25G (Dixon and J ones, 1998). Likewise to other stiffness 
parameters, D increases with the mean vertical stress (Figure 2.15), which is representative of 
the depth of burial. Likewise, the scatter of D values observed in Figure 2.15 can be attributed 
to different waste constituents, placement methods, ages of waste, and testing and evaluation 
approaches. 
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Figure 2.15 Drained constrained modulus values for MSW estimated using pressure cells 
(Dixon et aI., 2004b) 
2.1.4 MSW constitutive model 
Table 2.2 summaries the constitutive models for MSW adopted in the literature for 
landfill analyses. In general, most of the stress-strain response and failure criterion of waste in a 
landfill is modelled based on either a linear isotropic elastic model, a hyperbolic model (Duncan 
and Chang, 1970; Duncan et al., 1980; Seed and Duncan, 1983) that accounts for non-linearity 
of stress-strain relationship, or a Mohr-Coulomb model. Although essentia1\y the same 
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constitutive model is adopted for MSW, it can be observed that a wide range of input parameter 
values are used, which demonstrates a very high uncertainty associated with MSW properties. 
Gilbert and Byrne (1996), and Mei~ner and Abel (2000) adopted linear isotropic 
elasticity models for waste. The linear isotropic elasticity model is characterised by 2 
parameters: Young's modulus (By,ung) and Poisson's ratio (u). According to Potts et al. (2002), 
this model is attractive because of its simplicity, in which the boundary value problems have to 
be solved analytically. However, the important aspects of waste behaviour carmot be 
represented using this model. The model is sufficient for deformation problems involving very 
small ranges of stresses and strains, but not for the case of waste deformations in a landfill. 
The non-linear elasticity model is capable of capturing the non-linearity relationship 
between shear (or deviator) stress and strain. The hyperbolic model is widely used to model the 
non-linear stress-strain relationship of waste, in which the shear modulus decreases from an 
initial value (Go) to a zero value at yield (Potts et aI., 2002; Abbiss, 2001). Such a shear 
response is similar to those obtained for normally consolidated clay or loose sand, which is 
likened to waste by Filz et al. (2001). A hyperbolic model for waste relates stress to strain and 
confining pressures using 5 parameters: modulus number (K), cohesion (cw), friction angle (~w), 
failure ratio (R,) and modulus exponent (n). The tangent elastic modulus (El), which is required 
to calculate the stresses or strains in the waste body based on a hyperbolic function, is computed 
using Equation (2.1 0). The hyperbolic model for shear behaviour must be supplemented by a 
model for compression behaviour, which is often formulated independently. The bulk modulus 
(B), defined using Equation (2.11), is assumed to be a function of confining pressure and 
requires 2 parameters: bulk modulus number (KB) and bulk modulus exponent (m). In these 
equations, P, is the atmospheric pressure taken as lOO kPa, and crI and cr3 are the major and 
minor principal stresses. 
(2.10) 
(2.11) 
The procedures to obtain relevant parameters for the hyperbolic model from triaxial tests were 
explained by Reddy et al. (1996). They found that the hyperbolic model can simulate well the 
experimental stress-strain curves of MSW for specific loading paths. 
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Analysis Material modeV SOURCES 'YWMle Cw $w E 'U 'V K.,I Rl KI Ku: OB Kb" ma G B 
kN/m3 kPa 
Mohr-Coulomb et al. (1990) 17.3 NS NS 
Mohr-Coulomb (2000) 40 35 
Mohr-Coulomb (\992) 7.1 9.6 
Linear elastic Byme(l996) 
Jenevein et al. (1996) . 11.2 0 30 
Del Greeo et al. (1997) 4.7 20 25 
and 14.0 NS NS 
FiI, et al. (200 I) 17.3 10 
(SAGE) model 15.7 43 
1 24 
Mohr-Coulomb Massimino et 01. (2001) ID 
Mohr-Cou1omb Jones and Dixon (2005) 12.0 5 25 192 417 
Mohr-Coulomb Fowmes et al. (2006) 13.7 10 25 769 1667 
14.1 19 25 
not stated; 
!talics: Strength taken at 20% strain 
: constrained modulus; + : 25% moisture content; a : parameters require for hyperbolic model 
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However, linear elastic and hyperbolic models only focus on a single feature of the waste 
behaviour (Le., stress-strain curve) and do not take into consideration other important aspect 
such as stress path dependency, volume change during shear, hysteretic behaviour during cyclic 
loading (Potts et al., 2002). Therefore, both isotropic elastic constitutive models are of limited 
use to represent waste behaviour. The theory of plasticity framework offers a step forward to 
constitutive modelling as it limits the stress range, enables dilatancy, and a certain degree of 
hysteretic behaviour, to be captured. Based on this framework, Potts et al. (2002) explained that 
the material behaviour is elastic within the fixed yield surface in stress space, and perfectly 
plastic on the yield surface. The Mohr-Coulomb model is one of the initial elastic-perfectly 
plastic models, and is regarded as an extension of the Tresca criterion. 
The Mohr-Coulomb fajlure criterion is favoured for waste by many researchers (see 
Table 2.2) because it is simple and requires only 5 parameters: Young's modulus (EyG."g), 
cohesion (cw), friction angle (<\lw), Poisson's ratio (v), and dilatancy angle ('1'). However, this 
framework is still limited in capturing the behaviour of waste. For example, many of the shear 
strength parameters for the Mohr-Coulomb criterion must be referred to some value of strains, 
since no ultimate value has been observed in the stress-strain curve, especially if waste samples 
are tested in triaxial apparatus. Fowmes et al. (2006) adopted a modified Mohr-Coulomb with 
strain dependent shear strength parameters and volumetric yield criterion. Using this model, the 
waste became harder to compress with increasing strains. 
The above models are restricted in their ability to reproduce real waste behaviour. As 
discussed in Section 2.1.1, waste behaviour is governed by 2 elements (i.e. double phase): the 
MSW paste and the reinforcing fibre. Zhang (2007), Machado et al. (2002), and Krase and 
Dinkler (2005) proposed that each phase has its own particular constitutive model. Machado et 
al. (2002) have predicted MSW paste behaviour using a critical state framework with a non-
associated flow rule, while the fibres were represented using a perfect elastic-plastic model and 
the von Mises yield criterion. The drawbacks associated with their constitutive model include 
the following: 
• Secondary compression (Le. creep and biodegradation) was not included in the model. 
However, Machado et al. (2002) suggested that the secondary compression can be 
incorporated into their model using method proposed by Ling et al. (1998), provided that 
there is sufficient data for validation; 
• Their model was not validated against field measurement. Therefore, it did not consider 
waste layered structures observed in the field, as well as the orientation of fibrous material 
(i.e. anisotropy behaviour). It has been acknowledged that laboratory test behaviour for 
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waste is altered significantly from field behaviour due to the differences in the sample size 
and the method of placement. 
• Their model required 13 parameters: 5 for fibres, 6 for waste paste, and 2 for MSW, which 
are not easy to determine and was only related to disturbed samples in laboratory tests. 
Extension and new developments to Machado's constitutive waste model have been carried out 
by Zhang (2007). 
2.1.5 MSW summary 
Evaluating the stability and integrity of a landfill requires the characteristic and properties 
of waste to be reflected in the analysis. Prior to the analysis, the behaviour of waste must first be 
examined to determine a suitable material model that is representative of waste. The basic 
behaviour of MSW, and the likely ranges of key mechanical engineering properties for 
numerical and limit equilibrium analyses are discussed and presented. It has been identified that 
a wide range of values exist in the literature for MWS properties as a result of waste 
heterogeneity, layered structure, and the changing of composition and properties of waste with 
time. Additionally, the current laboratory test procedures designed for soil mechanics are 
insufficient to depict the true behaviour of waste (e.g. it destroys waste layered structure), apart 
from the fact that large representative waste samples are required for laboratory testing. 
Most of the waste properties are estimated using three methods; (I) field and laboratory 
testing, (2) back calculation from failures, and (3) empirical correlations using index tests. In the 
absence of site-specific waste parameters, landfill designers naturally opt for engineering 
properties of waste in the literature. A large amount of data on waste properties obtained from 
the literature should be classified into generic groups to reduce variation, especially for the 
purpose of design. The grouping can be based on waste composition, geographic location, age 
of waste, landfill types and method of assessment (Landva and Cl ark, 1990; Fassett et aI., 1994; 
Gabr and Va1ero, 1995; Yako and Marr, 2003). Due to waste heterogeneity and its properties 
varying significantly from one site to another, the data in the literature must be adopted 
sceptically. 
To reduce the variability in waste properties, issues such as old versus fresh waste, 
laboratory versus field measurement behaviour as well as the spatial variability of waste (e.g. 
depth and time) should be clearly comprehended before attempting to adopt any values from the 
literature. According to Watts and Charles (1999), older waste fill has had a greater period to 
decompose and is inherently a better engineering materials. This statement is quite consistent 
with the collected data and discussions herein, especially regarding the unit weight of waste (i.e. 
increasing "(w,", with older waste), the coefficient of earth pressure at rest (i.e. higher Ko for 
2-29 
Chapter 2 - Literature review 
older waste) and the compressibility parameters (i.e. lower Coo and C,.. associate with older 
waste). Nevertheless, no conclusion can be drawn about the stiffness and shear strengths of 
waste between fresh or older waste. 
Some literature report that older waste has higher Ko (hence, presumably higher shear 
modulus) while, others state that older waste has lower shear modulus than fresh waste. These 
conflicting findings can be attributed to the differences in method of measurement as well as the 
composition and degree of waste degradation at the time of measurement. There is also not 
much discussion on the relationship of waste properties with depth of waste deposition, again 
due to the scarcity of data in the published literature. 
Most researchers attempt to model waste in their analyses using the so-called first 
generation of constitutive models, namely, linear and non-linear elastic models, and Mohr-
Coulomb failure criterion. These models are simple to apply in analyses, but they do not depict 
the behaviour of waste. The model proposed by Machado et af. (2002) is a major leap forward 
in the development of an appropriate waste model. However, their model does need further 
refinement, coding into a numerical program, and field validation. Therefore, a Mohr-Coulomb 
model is stilI highly favoured to model waste by most practitioners. Nevertheless, the first 
generation models can be modified well using various modelling techniques, to reflect 
significant characteristic of waste such as volumetric strain hardening, increase of stiffness and 
shear strength with decreasing volume under specific loadings, increase of unit weight, stiffness 
and strength with depth of burial and changes of waste properties with decomposition of waste. 
However, the distribution of material properties should be in the typical and allowable range as 
discussed above. 
Lastly, a comprehensive understanding of waste mechanics is important to prevent 
catastrophic waste failures such as the Payatas dumbsite in Philippines. Properties and material 
models adopted for waste in landfill design sbould reflect the nature of waste on site and likely 
changes with time. 
2.2 Landfill Design Component: Interfaces 
An accurate determination of the interface shear strength parameters between various 
geosynthetic against geosynthetic or soil is imperative to the design of any waste management 
system. In order to maximise landfill volume, side slopes are typically as steep as possible while 
maintaining an appropriate factor of safety. The slope angle is controlled by the weakest 
frictional interface within the liner system profile. According to Mitchell et al. (1990), Fishman 
and Pal (1994), and Long et al. (1995), the liner-interface combinations of lowest shear strength 
were typically found to be along geomembrane-geotextile (GM-GT), geomembrane-geonet 
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(GM-GN), and geomembrane-compacted clay (GM-fines soil) interfaces. Shear failures 
between granular or coarse soil and geotextile are considered unlikely. 
2.2.1 Strain-softening interfaces and progressive failure 
Most of the interfaces in lining systems exhibit strain-softening behaviour (Thiel 2001; 
Dixon and Jones, 2003a; Koemer and Bowman, 2003). The peak strength ('tp) is developed at a 
relatively small displacement, typically less than 15mm, followed by the decrease to residual 
strength ('tp) with additional continuous displacement. According to Gilbert and Byme (1996) 
and Dixon and Jones (2003a), the strain-softening behaviour of interfaces are caused by clay 
particle reorientation, soil dilatancy, geosynthetic polishing, geosynthetic failure, and bentonite 
extrusion onto the interfaces. The deformation softening is most conspicuous at higher normal 
stresses. 
Progressive failure illustrated in Figure 2.16 is often associated with strain-softening 
materials and interfaces in landfill. Waste settlement that occurs during and after every lift of 
waste placement (i.e. in short and long term) can induce different amounts of shear 
displacement and stress along the landfillliner. With slow deformation of the failing mass over 
time, the mechanism reduces the mobilised shearing resistance along the weakest sliding 
interface to a value close to the residual shearing resistance, which is lower than the peak 
strength of adjacent interfaces. This forces adjacent interfaces to carry more loads. This may in 
turn overstressed the respective components of the interface as well as exceed their peak 
strengths. For lining systems that exhibit extreme strain-softening or brittle behaviour, the 
strength reduction will lead to abrupt failure such as in Kettlemen Hills landfiIl failure (Seed et 
al., 1990; Filz et al., 2001). Other progressive landfill failures were also documented by 
Schmucker and Hendron (1998), Mazzucato et al. (1999) and Stark et al. (2000). 
From an analytical study, Gilbert et al. (1996) attributed the increase of the potential for 
progressive failure to: (1) the decrease of waste stiffness relative to the initial shear stiffness of 
the interface; (2) the increase of the slip surface length; and (3) the increase of the rate of post-
peak strength reduction with displacement. 
From a parametric study, Filz et al. (2001) asserted that the effect of progressive failure 
(i.e. greater strength reduction) is more distinct for a steeper side slope, a flatter base and a 
lower waste stiffness. The strength reduction is most severe with all factors present, namely, a 
steep side slope, a flat base and a soft waste. By comparing the results of their parametric 
studies, it can be observed that waste stiffness and base inclination are less influential to the 
strength reduction than the inclination of side slope. Nevertheless, their parametric studies are 
2-31 
Chapter 2 - Literature review 
not sufficient to imply that there are linear relationships of these factors to the strength 
reduction. 
2.2.2 Variability of interface shear strengths 
Many researchers (McGrath et a!., 2002; Sabatini et al., 2002; McCartney et al., 2004; 
Dixon et al., 2006a) have acknowledged the significance of quantifying the variability of 
interface shear strengths and derived strength parameters for landfill design. Criley and Saint 
John (1997), Snow et al. (1998) and McCartney et al. (2004) reported the variability of shear 
strength for different interfaces, while Fowmes (2004) and Koemer and Narejo (2005) compiled 
and grouped shear strengths into generic interfaces using information gathered from literature 
and internal reports, which can be used to yield statistical information (see Chapter 4) for 
performing reliability-based landfill designs. In past decades, researchers have asserted different 
trends of interface shear strength results based on their test setups and conditions. The 
inconsistencies of apparatus and procedures have led to high degree of variability reported in 
the existing databases. 
't= 1\ . 
Stage III 
Figure 2.16 Progressive Failure of Lined Waste Landfill (Filz et al., 200 I) 
.:. Interface direct shear test setup and conditions 
Three common devices to obtain interface shear strengths are a direct shear apparatus 
(DSA), a torsional ring and an inclined plane. DSA is mostly utilised due to its relatively easy 
procedures, which are well established and recommended in ASTM DS321-02. Figure 2.17 
illustrates schematic diagrams of two common DSA, while Figure 2.18 shows the setup and 
conditions during a direct shear test, which produce variable test results if not controlled. 
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(b) 
Figure 2.17 Test setup with (a) horizontally supported, and (b) completely fixed, upper boxes 
for soil-geosynthetic interface friction (after Stoewahse et al., 2002) 
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Figure 2.18 Setups and conditions of direct shear test 
.:. DSA setups 
(1) Shear box sizes 
The typical shear box sizes are 102 x 102 mm2, 305 x 305 mm2 and 457 x 457 mm2• The 
305 x 305 mm2 area of fixed upper box with longer length of movable lower box is commonly 
adopted (Bemben and Schulze, 1998; Jones and Dixon, 1998a; Sabatini et al., 1998; Stoewahse 
et al., 2002; Hsieh and Hsieh, 2003) to ensure constant shearing area. A surface area of 102 x 
102 mm2 is potentially too small to obtain accurate results, while the 457 mm square box is too 
large to accurately control the test for certain profiles. According to Swan (2004), the measured 
shear strength decreased with an increase in shear box size. He indicated that this effect was 
most noticeable with interfaces that utilised materials having high structure such as textured 
geomembrane and thick non-woven geotextile. Conversely, Hsieh and Hsieh (2003) stated that 
higher shear strengths were produced using a large shear box for smooth GM -sand interface. 
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They also demonstrated that smaller shear boxes yielded higher non-uniformity of pressure 
distribution on the shear plane. Furthermore, small shear box sizes are subjected to edge effect 
and inadequate soil thickness, which then reflect inaccurate stress-strain curves. Bemben and 
Schulze (1998) commented that the setup size has no effect on the peak over residual stress 
ratios provided that the proper sand layer thickness in the upper shear box and the gap distant 
between shear boxes are sufficient and effective. 
(2) Fixation of upper shear box 
Typically, a DSA with movable lower box is used, either with a completely fixed (with 
vertical and horizontal support) or horizontally supported upper shear box (Figure 2.17). For the 
latter type of test setup, the loading plate and the upper box are subjected to rotating moments 
during testing (Figure 2.19a). For completely fixed upper box shown in Figure 2.19b, the load 
plate is subjected to a small rotating moment, while the upper box is restricted from rotation and 
displacement. High rotations of load plate and upper shear box influence the applied normal 
load, and hence, may produced interface behaviour with no strain-softening. However, the 
effect of the top box fixation was only noticeable for interfaces involving soil (BlUmel and 
Stoewahse, 1998). Additionally, BlUmel et aL (2000) and Stoewahse et aL (2002) presented a 
modified DSA that yielded consistent, reproducible and correct stress-displacement curves. 
soil sample in fixed upper box 
moment 
IIIIlfIlI of ao.din~ pllle 
horizontally supported upper box th:ed upper box 
tiltingoluppe,bc. (b) no IIIdng 01 ~pper box 
Figure 2.19 Interaction forces, stresses and deformations occurring in a (a) horizontally 
supported upper box, and (b) completely fixed upper box (Wemick, 1979) 
(3) Geosynthetic fixation 
Takasumi et al. (1991) categorised 3 types of geosynthetic fixation onto the shear boxes, 
namely, fixed shear, partially fixed shear and free shear (Figure 2.20). The effects of 
geosynthetic fixation (e.g., clamping or gluing) were investigated by B1Umel and Brummermann 
(1996). From their studies, the shear stresses of clamped geotextiles were smaller than those of 
tests with glued geotextiles when tested against sand, but the results were quite scattered. 
Conversely, interface tests against clay with glued geomembranes seem to be yielding a lower 
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shear stresses than of clamped geomembrane samples. Bltimel and Stoewahse (1998) reported 
that insufficient fixation could lead to shear stress versus displacement curves without any 
friction peak value, which can be attributed to the geosynthetic stretching and slipping along the 
plane of failure. 
Figure 2.20 Direct shear interface test apparatus types (Takasumi et al., 1991) 
(4) Type ofload plate 
The shear tests should be conducted in the range of normal stresses expected in the field 
since the shear strength of interfaces may be curved. Depending on the shear device, the vertical 
load is applied to the top of the sample with weights, hydniulic jacks or hydraulic or pneumatic 
bellows. Normal load in the direct shear apparatus is distributed over the test area using a rigid 
or a flexible load plate. Hsieh and Hsieh (2003) recommended using flexible load plate for large 
DSA due to a 'more uniform normal pressure distribution at shearing interface and better 
reproducibility of test data than using rigid load plate. 
(5) Soil sample thicknesses 
Sufficient soil thickness is necessary to ensure the presence of adequate vertical friction 
stresses at the inner walls of the upper box (Hsieh and Hsieh, 2003). These stresses act to resist 
the dead weight of the box and maintain the gap between the boxes during the direct shear test 
(for horizontally supported upper box), or reduce rotation of the load plate and ensure the 
reproduction of normal pressures at the shearing plane (for completely fixed upper shear box or 
vertically movable top box). Bemben and Schulze (1998) asserted that the minimum thickness 
of a sand layer in GM-sand interface tests is governed by the size of the largest sand particle, 
while the maximum thickness is governed by the roughness of the inner walls of the upper box 
and the volume change of sand during shearing. Jones and Dixon (2003) stated that no peak 
value was observed using sample thickness thinner than 50 mm as the rigid load plate would 
rotate excessively. They established that a minimum sample thickness of 50 mm is sufficient for 
non-cohesive soils while the thickness can be reduced to 30 mm for cohesive soils to minimise 
consolidation times in drained tests. 
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(6) Superstrates/substrates 
Superstrate and substrate in the upper and lower shear boxes, respectively, of the direct 
DSA play an important role to minimise the stretching of geosynthetics attached at the shear 
plane. Geosynthetic stretching is likely to occur if the shear force between the superstrate or 
substrate material and the partially fixed geosynthetic is less than along the shearing plane 
(Bliimel et al., 2000). Jones and Dixon (1998a) demonstrated that the shape of the shear stress-
displacement curves were altered by the use of different types of superstrates (e.g. nylon block, 
gravel) in the upper shear box due to stretching. 
(7) Gap distance between shear boxes 
A sufficient gap between shear boxes is necessary to ensure that the full applied normal 
pressure can be effectively transferred to the shearing plane. According to Bemben and Schulze 
(1998) who adopted a horizontally fixed upper shear box DSA, a small gap size would result in 
high measured peak and residual stress ratios (Le. 'trIcr .. t,lcr,J. Furthermore, it also could lead to 
the measured residual stress ratio being cyclic in nature, which was imposed by the constraint of 
the upper and lower shear boxes during shearing. They demonstrated that the gap size of D85 of 
the soil, which was permitted by ASTM 5321 (1992), was too small for interface shear tests. 
Jones and Dixon (2003) stated that the minimum gap size should be at least 0.5 mm for a 300 x 
300 mm2 completely fixed upper DSA. 
.:. Laboratory-site setup conditions 
(1) Displacement rates 
Tan et al. (1998) and Stark et al. (1996) illustrated that the GT -coarse soil and GM -GT 
interface peak and residual friction angles were not significantly affected by the shearing rate. 
This is because both interfaces do not involve pore pressure generation at the interface during 
shearing, which is dependent of shear displacement rate. Mitchell et al. (1990) stated that shear 
displacements between 0.1 to 1 mmlmin apparently have no influence on the measured shear-
resistance characteristics of any of the liner-interface combinations. Nevertheless, Takasumi et 
al. (1991) reported strain rate of 0.024 to 0.06 mmlmin for geosynthetic-cohesive soil interface 
were assumed to be slow enough to dissipate excess pore pressure and representative of a 
drained condition. ASTM D5321-02 proposed a maximum direct shear displacement rate of 5 
mm/min for geosynthetic-geosynthetic and 1 mm/min for geosynthetic-soil shear evaluations, if 
excess pore pressures are not anticipated. Fishman and Pal (1994) demonstrated that a shear rate 
of 0.005 mm/min may be considered a drained shear test for the clay against textured GM 
interface. Hsieh and Hsieh (2003) stated that the rate of displacement should be controlled to an 
accuracy of ± 10% of the displacement rate. 
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(2) Moisture contents 
The increase in liner soil moisture content at the landfill site may occur as a result of 
rainfall and compaction at water content significantly higher than the optimum value. According 
to Richardson and Thiel (2001), the moisture contents in eastern US dry landfills are commonly 
in the range of 30 to 35%, and can exceed 60% in a leachate recirculation landfill. In direct 
shear tests, the specimens are usually soaked in water for 24 hours prior to testing with a small 
amount of normal stress applied during soaking to avoid soil swelling (Fishman and Pal, 1994; 
Sharma et aI., 1998) in effort to achieve a saturated condition. 
The strength parameters for the wet or submerged conditions are quite controversial. 
According to Rankilor and Heiremans (1996), the geotextile against geotextile interface testing 
yielded a higher friction angle for wet conditions. If the geosynthetic or soil was unsaturated 
when tested in wet conditions, suction force occurred and hence, contributed to higher interface 
shear strength (Asanza and Saez, 2000). Nonetheless, many papers published by researchers 
(e.g., Seed et aI., 1988; Bemben and Schulze, 1995; Von Pein and Lewis, 1991) reported that 
.' 
the shear strength parameters were lower when wet, owing to the lubrication effect of water. 
Additionally, the mobilised shear strains at the interface caused the development of excess pore 
water pressures, thus reducing the effective shear resistance in saturated clay soils (Farrag, 
1995). According to Bliimel and Brummermann (1996), there seems to be the tendency that the 
peak friction stresses increased with decreasing water content for higher normal stresses. 
Masada et al. (1994) also showed that the interface friction angles under saturation with water 
were slightly lower than those under saturation with leachate. 
(3) Consolidating and preloading samples 
Generally, clay samples of 25 mm thick, used in the interface shear strength test, should 
consolidate (80 to 90%) within 12 hours. To achieve saturated condition, the specimens are 
usually soaked in water for 24 hours prior to testing with a small amount of normal stress 
applied during soaking to avoid soil swelling (Fishman and Pal, 1994; Sharrna et al., 1998). The 
results (interface involving fine soil) presented in Swan (2004) indicated that the effect of 
consolidation before shearing was minor for Bp, but quite pronounced for 0,. 
Before shearing, the vertical load is usually applied for a certain amount of time to allow 
the interfaces to seat into each other. This can increase the friction results especially if one or 
both of the interfaces are flexible, or if a compressible soil placed within upper shear box is 
involved (Lydick and Zagorski, 1991). Bliimel and Stoewahse (1998) applied vertical loads to 
the samples for one hour prior to shearing for GM-GT and GT-coarse soil interfaces, while 
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Jones and Dixon (1998a) only held the normal stress for 5 min and adjusted it if required, before 
shearing commenced for GT -GM interface. 
(4) Normal loads 
The shear strength behaviour of many geosynthetic interfaces is dependent on normal 
stress. Therefore, the applied normal stresses in shear tests are selected to reflect field loadings 
that may be imposed onto the landfillliner. The dependency was most conspicuous in the case 
of interfaces involving geotextiles, GCLs and geonets (De and Zimmie, 1998) and especially at 
high normal loads, in which the geosynthetics impinged against the adjacent materials. Since the 
Coulomb failure envelope may display a non-linear relationship between shear strengths and 
normal stresses for most interfaces, especially if wide range of normal stresses are applied 
(Sharma et al., 1998), different values of interface shear strength parameters can be derived if 
straight line failure envelope is assumed . 
• :. Geomembrane-geotextile interface 
A protective bedding layer, usually consisting of a geotextile (GT) is placed between the 
drainage layer and a geomembrane (GM) to minimise the risk of puncture. Based on the results 
by Koutsourais et at. (1991), the HDPE textured geomembrane (TGM) provided good shear 
strengths at the interface with all their geotextiles, with the exception of the monofilament ones. 
Conversely, HDPE smooth geomembrane (SGM) provided much lower frictional values of 7-
10°. 
Typical stress-displacement curves for HDPE GM-GT obtained by Jones and Dixon 
(1998a) are shown in Figure 2.21. The typical shear stress versus shear-displacement behaviour 
of SGM-GT displayed a minor peak shear stress ('tp) at small displacement, usually less than 2 
mm (Mitchell et al., 1990; Jones and Dixon, 1998a; Wasti and Ozdiizgiin, 2001), and then 
reduced by 20 to 30% at displacements of around 40 to 50 mm (Jones and Dixon, 1998a). 
Mitchell et al. (1990) asserted that the residual friction angles (0,,) for SGM-GT were about 0.5" 
to 2° less than the peak friction angles (lip). Additionally, the submerged conditions decreased 0" 
to about 0.5° to 2° lower than the dry samples. 
In Jones and Dixon (1998a) and Wasti and Ozdiizgiin (2001), the peak shear stresses for 
TGM-GT were reached at displacements of 5 to 10 mm and 2 to 4 mm, respectively, depending 
on the normal stresses applied. The TGM-GT interface exhibited higher degrees of strain 
softening than the smooth geomembrane with about 50% shear strength reduction at 
displacements of over 50 mm, which is in agreement with Stark et al. (1996). The post-peak 
strength loss is mainly attributed to pulling out and/or tearing of GT filaments during shear, the 
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combing or reorientation of the detached GT filaments parallel to shear, and the polishing of the 
textured surface of GM. 
Generally, the lower mass per unit weight or thinner GT yields similar and greater peak 
shear stresses respectively (Jones and Dixon, 1998a; Stark et al., 1996) at interface tests 
conducted at low and high normal stresses (e.g. greater than 100 kPa).lt is anticipated that large 
mass per unit area or thickness of geotextile has resulted in filaments being more easily pulled 
out or tom at higher shear stresses. Jones and Dixon (1998a) further added that for SGM-non-
woven geotextile (NWGT) interface, thicker GT would yield higher degree of strain softening 
while this effect was not conspicuous in TGM-NWGT interface. They reported that the degree 
of strain softening defined using Equation (2.12) for SGM- and TGM-GT interfaces are on 
average about 0.7 and 0.4 , respectively. 
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Figure 2.21 Shear stress versus displacement (a) smooth GM-GT, (b) textured GM-GT (Jones 
and Dixon, 1998a) 
(2.12) 
Stark et al. (1996) stated that higher peak failure envelopes were associated with non-
woven continuous single filament GT when compared to non-woven staple filament GT. 
Nevertheless, the residual failure envelope appeared to be independent of the geotextile 
fabrication style, fiber type (i.e. continuous or staple fibers) and mass per unit area. Their results 
also illustrated that polyester non-woven continuous single filament GT yielded higher peak and 
residual strength envelopes than the polypropy1ene non-woven continuous single filament GT. 
Meanwhile, the TGM-GT interfaces can be fitted either with linear or curve strength envelope 
(Jones and Dixon, 1998a; Wasti and Ozdiizgiin, 2001). 
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.:. Geomembrane-fines soil interface 
Mitchell et al. (1990) stated that one of the weakest interface within the liner and cover 
system is often that between geomembrane and compacted clay soil cover (GM-fines). Simpson 
(2000) identified the mechanisms that resulted in low shear strengths for GM-fines interface 
include the magnitude of strain along the interface, existence of water at the interface (e.g., 
consolidation of compacted clay, thermal migration, condensation), and the condition of GM. 
Likewise, Swan (2004) stated that the shear strengths involving fine soils are one of the most 
variable because of the sensitivity of the interface to changes in moisture content, as well as the 
very nature of remolded fine soil being variable and often governed by the stress history or 
degree of compaction. Strength reductions of this interface are attributed by the reorientation of 
the fine soil particles parallel to the direction of shearing, as well as the polishing of GM 
(Esterhuizen et al., 2001). 
Fines soil such as clay for landfill liner is usually compacted above the optimum water 
content to achieve the necessary required permeability. When clay is allowed to swell, the shear' 
strength is greatly reduced, which may create a weak interface and thus, reducing landfill 
stability (Von Pein and Lewis, 1991). Therefore, issues such as compaction conditions (Swan et 
al., 1991), soaking and consolidation times (Fishman and Pal, 1994; Sharma et al., 1998; Swan, 
2004), applied normal stresses (Sabatini et aI., 1998), and shear displacement rates (Takasumi et 
al., 1991; Bemben and Schulze, 1993; Fishman and Pal, 1994; Sharma et al. 1997) are 
paramount to reflect the project-specific field conditions, efficiency of the landfill system (e.g. 
drainage layer) and characteristic of loadings. Most of these issues are related to pore pressures 
generation at a fast or slow shearing rate. Since pore pressures in the clay are not measured, it is 
uncertain whether the measured interface shear strength is appropriate for short-term 
(undrained) or long-term (drained) loading conditions (Sabatini et al., 1998) . 
• :. Geotextile-coarse soil interface 
Typically, no strain softening was observed in the shear stress-displacement response of 
a GT against coarse soil (Nataraj et al., 1995). The Coulomb failure envelopes for this interface 
passed near the origin but some may show slight adhesion (Nataraj et al., 1995). The efficiency 
of the geotextile, defined in Equation (2.13), is less than unity but non-woven and thicker 
geotextiles have higher efficiencies than mono-filament and thinner geotextiles (Koutsourais et 
aI., 1991; Richardson and Thiel, 2001). This trend is in agreement with Tan et al. (1998) and it 
may be attributed to the fine and medium sand-sized particles lodging into voids of the textile 
surface. 
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(2.13) 
where op is peak interface friction angle and 4> is the friction angle of soil. 
The GT -soil interface shear behaviour and strength are affected by GT opening size, GT 
deformability (thickness), soil type, particle angularity, size and distribution (Takasumi et al., 
1991). Koutsourais et al. (1991) and Richardson and Thiel (2001) stated that the strength of the 
GT -coarse soil interface is dependent on the manucfacturing of the GT (e.g., needle-punched, 
woven versus non-woven, multi- versus mono-filament). The needle-punched and multifilament 
(both soft and flexible materials) allowed a certain 'hugging' action with the soil, which seemed 
to result in a shear failure along a surface slightly above the true soil-geotextile interface, and 
permitted the soil to respond in its usual dilatant fashion. 
2.2.3 Modelling of interface 
In a numerical analysis, an interface is required when slippage or separation is to occur 
between co~tacts of soil- or waste-structure. Interfaces are usually modelled using elements 
shown in Figure 2.22. They include thin continuum elements with standard constitutive laws. 
linkage element (e.g. spring) in which only the connections between opposite nodes are 
considered, special interface or joint elements of either zero- or finite-thickness and hybrid 
methods where soil/waste and structure are modelled separately and linked through constraint 
equations to maintain compatibility of force and displacement (Potts and Zdravkovic, 1999). 
Among all these approaches. the zero-thickness isoparametric interface elements are widely 
adopted for plane strain and axi-symmetric problems. 
The formulations of thin-layer elements or zero-thickness elements are based on 
penalisation or stiffness method. The elastic shear stiffness (k,) describes the frictional 
behaviour of the interface while the normal stiffness (k.) prevents penetration of the nodes on 
one side of the interface into the material on the other side. While k, can be evaluated from the 
interface test results, ko is normally fixed at an arbitrarily high value (Villard et al .• 1999; Reddy 
et al .• 1996). 
Partly due to numerical difficulties associated with the zero-thickness element method 
and difficulties in making an experimental evaluation of normal stiffness at the interface. 
various hybrid methods are proposed to model the interface. The hybrid formulations are based 
on nodal compatibility methods where contact between solids at the interface is satisfied by 
force and displacement compatibility equations. For small displacement contact problems, the 
current formulations are based on the use of virtual work principle (Katona. 1983) and the 
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condensed flexibility matrix (Francavilla and Zienkiewicz, 1975), Apart from the Lagrange 
multipliers formulations proposed by Yi et ai, (1995) for interface experiencing large 
displacement, Villard (1996) presented a hybrid method which combined the relationship of 
non-interpenetration between contacting nodes, and the relationship of compatibility between 
forces on either side of the interface. Due to the absence of any element at the interface (i.e. 
replaced by interface conditions) in Villard's approach, the risk of element distortion 
encountered in large-scale deformations using traditional elements (e.g. zero-thickness 
elements), which leads to numerical 'ill-conditioning' problems, can be avoided. However, 
more work is required to incorporate the hybrid method into commercial geotechnical software. 
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Figure 2.22 Types of interfaces (potts and Zdravkovic, 1999) 
Gilbert et al. (1993) and Long et al. (1995) modelled their landfill lining system using 
GEOSTRES, which is a finite difference code written by them. In GEOSTRES, all the lining 
components were represented using in-elastic non-linear axial and shear springs, while the 
waste and cover soil were not modelled. However, the effects of waste and cover soil loadings 
and settlements were projected by imposing the combination of displacement am! load boundary 
conditions on the top layer of the lining, which was supposed to be in contact with the waste or 
cover soil. 
Reddy et al. (1996) modelled a GM-NWGT interface in their numerical analysis using 
the hyperbolic zero-thickness interface model developed by Clough and Duncan (1969). The 
shear stress-relative shear displacement behaviour was represented by a hyperbolic relationship, 
which describes the non-linear, stress dependent interface. The Coulomb failure criterion was 
adopted. The hyperbolic formulation requires 3 parameters, namely the dimensionless shear 
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coefficient (K,) or the dimensionless unloading-reloading shear coefficient (Kh,,), modulus 
exponent (n) and failure ratio (R,), which can be interpreted from laboratory direct shear test 
results. Since the interface shear behaviour was modelled using hyperbolic relationship, the 
strain-softening characteristic or the progressive failure of landfill was not reflected in the 
numerical analysis carried out by Reddy et aL (1996). 
Villard et al. (1999) have modelled and validated their theoretical results (i.e. 
displacement, tensile forces of geosynthetics) obtained using their hybrid method against an 
instrumented full scale test of landfill at Montreuil sur Barse. The lining system components 
were discretised by two-noded bar elements, while the clay liner an(l granular material were 
modelled using 1260 three-noded triangular elements. The various components in the protection 
system were interconnected by contact conditions, that allowed considerable relative 
displacements to take place between interface nodes (Villard, 1996). However, the influence of 
interface strain-softening behaviour to the computed results of lining displacement and tensile 
forces in geosynthetics was not considered. Additionally, the interface adhesion was ignored 
and no waste placement was modelled using their method. Nevertheless, their hybrid method of 
modelling interfaces in numerical analysis yielded satisfactory results when compared with the 
full-scale observations of an unconfined instrumented slope. 
Esterhuizen et al. (2001) presented two plasticity models to take into account the strain-
softening behaviour of geosynthetic interfaces, namely displacement-softening and work-
softening models. Both models required three relationships: (1) the peak strength envelope, (2) 
the residual strength envelope, and (3) the residual factor versus displacement ratio relationship 
(R-D curve), which expressed the rate at which displacement-softening occurs in non-
dimensional form. Both models performed well for conditions of constant normal stress, but the 
work-softening provided better predictions than the displacement-softening models when 
compared with laboratory test results conducted under increasing normal stresses. Their peak 
and residual strength envelopes were expressed by a simplified hyperbolic formulation (Giroud 
et al., 1993). Both models were implemented into finite-element program, SAGE, by 
Esterhuizen et al. (2001) but no further information regarding the method of implementation 
(e.g., the type of interface element, solution routine) were stated in the paper. Additionally, both 
models required input parameters of residual strength and displacement to reach residual state, 
which are normally not obtainable in a large direct shear test. 
Filz et al. (2001) used the displacement-softening model proposed in Esterhuizen et al. 
(2001). They also modelled a soil layer between two interfaces using bar elements with axial 
stiffness of 7350 kN/m. According to them, excluding these layers may increase progressive 
failure effects and thus, influence the results of the analyses. However, Filz et al. (2001) did not 
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state the type of interface element that was assigned to the interfaces, and the geosynthetic 
components were not modelled. Since their analyses were focussed on the stability of landfill, 
the integrity of the lining system was not presented. 
Mei~ner and Abel (2000) discretised their landfill model into about 4500 rectangular and 
triangular elements with more than 7500 nodes. The GM-GT interface was modelled using a 
zero thickness contact surface. However, the typical strain-softening characteristic of GM-GT 
interface was not considered in their study. Moreover, the reported strains within geosynthetics 
as well as the displacement along the critical interface are dubious as the interface adhesion was 
also ignored. Nevertheless, their modelling technique of waste is a novel way of incorporating 
biodegradation (based on gas production rate) into landfill numerical analysis. Unfortunately, 
they did not present any results of strain build-up within the geosynthetics with time and 
construction stages, which are crucial in analyzing the integrity of a lining throughout its 
lifespan. They illustrated that biodegradation settlement (i.e. increase of time), increase of side 
slope inclination and decrease of interface friction angle result in significantly increased sliding 
potential of GT on GM. 
Byme (1994), Del Greco et al. (1997), Jenevein et al. (1996), Jones and Dixon (2005), 
and Fowmes et al. (2006) modelled their landfill and interfaces using a finite difference 
program, FLAC. FLAC utilises zero thickness interfaces. There are 3 options for specifying the 
conditions of the interface, namely, (1) glued interfaces where no slip or opening is allowed, (2) 
Coulomb shear-strength, and (3) tension bond, where separation and Slip are allowed at the 
interface. The required interface properties include friction angle, cohesion or adhesion, dilation 
angle, normal and shear stiffness, and tensile strength. The strain-softening behaviour of the 
interface are captured by specifying tables of friction angles and adhesions corresponding to 
mobilised interface displacements, while the strength of the interfaces are limited to Coulomb 
failure criterion. Among these researchers, only Fowmes et al. (2006) have modelled a multi-
layered lining system and represented geosynthetic components using beam elements with 
second moment of area and plastic moment set to zero (geosynthetic components do not resist 
moments). 
2.3 Landfill Design Component: Geosynthetics 
2.3.1 Modelling of geosynthetic components 
For reinforced roadways, Barksdale et al. (1989), Miura et al. (1990), Burd and 
Brocklehurst (1992) and Dondi (1994) have implemented isotropic, linear elastic models for the 
geosynthetic, while Wathugala et al. (1997) adopted an isotropic, elastic-perfectly plastic model 
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with a von Mises yield criterion. For static analysis of reinforced walls, Karpurapu and Bathurst 
(1995) used a non-linear equation developed from isochronous load-strain-time test data. In 
comparison, most landfill numerical analyses (Gilbert et al., 1993; Long et al., 1995; Del Greco 
et al., 1997; Mei~ner and Abel, 2000; Massimino et al., 2001; Fowmes et al., 2006) considered 
geosynthetic materials as behaving in elastic manner since lining components are not designed 
to sustain high tensile stresses and strains. Therefore, the geosynthetic components are 
represented using relatively simple linear elastic or Mohr-Coulomb models. Byrne (1994), 
Gilbert and Byme (1996), Reddy et al., (1996) Filz et al. (2001), and Jones and Dixon (2005) 
have only modelled the weakest interface without the geosynthetic component in their lining 
system because the shear displacements and stresses along the interface were the focus of their 
studies. 
VilIard et al. (1999) modelled the geosynthetic materials in an unconfined lining system 
using 2-noded bar elements analogous to a structural frame. According to them, it is necessary 
to utilise different tensile and compression stiffness values in order to model the behaviour of 
the geosynthetic sheets, specifically the wrinkling of the sheets due to elongation, especially if 
the slope length is constant and the geosynthetic materials are anchored at the top of the slope. 
Perkins (2000) presented a constitutive model for geosyntheticsmaterials (i.e., geogrid 
and geotextile) that accounts for elastic, plastic, viscous and anisotropic behaviour. The 
incorporation of isotropic-hardening plasticity allows for non-linear stress-strain behaviour to be 
modelled. Furthermore, anisotropy is provided to account for direction dependency of stiffness 
(elasticity), yield (plasticity) and creep. Implicit in his approach is the assumption that the 
geosynthetic is treated as a continuum. Components of the constitutive model were formulated 
within the context of a finite element package, ABAQUS. He utilised a membrane element type 
(9-node quadratic) with thickness of I mm and Poisson's ratio of 0.5. 
Alternatively, a mathematical fit can be used to describe the stress-strain behaviour, 
which provides an efficient approach of degrading the tangent modulus of a geosynthetic as 
strain increases during stepping in a numerical analysis. Giroud (1994) proposed an-order 
polynomial mathematical model to represent the portion of a lIDPE geomembrane stress-strain 
curve located between the origin and the yield peak. He added that the considered portion was 
adequate since most practical applications involve strains up to 0.2 to 0.3, and stress-strain 
behaviour after the yield peak is largely irrelevant. Merry and Bray (1997) suggested a 
hyperbolic empirical equation to model the stress-strain behaviour of HDPE geomembranes 
under bi-axial loading at different strain rates. Their study included the use of hyperbolic 
tangent functions (after Prager) and the n-order polynomial function (after Giroud, 1994). 
Wesseloo et al. (2004) modified the hyperbolic model (after Merry and Bray, 1997) to take into 
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account the strain-rate dependent stress-strain response of HDPE geomembrane. However, their 
hyperbolic model involved selecting a transition point as it comprised of two separate equations 
for the portions before and after the transition point. They also developed an exponential model 
to resolve these issues. However, their strain-rate dependent parameters required uniaxial tests 
conducted at different strain rates, which is not a common practice. Nevertheless, they presented 
relationships between these parameters for different strain rates, but their approach was not 
substantiated with other types of HDPE geomembranes (e.g. different thickness, texturing). 
2.3.2 Uncertainty in the elastic tensile modulus 
The tensile or axial properties of geosynthetics, namely, the tensile modulus (Eas) and 
cross section area of samples are required regardless of the type of constitutive model for the 
geosynthetic. The common geomembrane tensile tests are outlined in ASTM D638 (2003) or 
BS EN ISO 527-1 (1996), which use a dumbbell specimen (uniaxial tensile test), and ASTM 
D4885-1 (2006) and ASTM D5617 (2004), which utilise a wider sample (wide strip and 
multiaxial tensile tests). ASTM D4595 (2005) or BS EN ISO 10319 (1996) that use a wide-
width sample, is a standard tensile test for geotextiles. 
However, the derivation of EGS from the slope of tensile stress-strain curves is clouded 
with uncertainty due to different test procedures and boundary conditions, various adaptations 
of tensile moduli (e.g. initial, tangent, secant) that can be used for analyses, and the corrections 
that mayor may not be applied to the test results. For example, Wesseloo et al. (2004) asserted 
that both strengths and stiffnesses of geomembranes increase with increasing strain rates. Bray 
and Merry (1999) stated that failure strains of biaxial stress-strain responses decreased with 
increasing strain rates and decreasing temperatures. At site, geosynthetic lining components are 
usually strained at a lower rate than in a laboratory test. Therefore, strength and stiffness based 
on laboratory stress-strain curves can yield unconservative design. 
Additionally, standard test methods do not explicitly state which equations to compute 
strains and stresses, or which moduli to use for design. Giroud (2004) reported an initial 
modulus of HDPE geomembrane of about 4 times the secant modulus between the origin and 
the yield peak of the stress-strain curve. Giroud (1994), and Koemer (1997) calculated 
geomembrane stresses using the initial area before test commenced, while Merry and Bray 
(1996), and Wesseloo .et al. (2004) computed stress using deformed areas. 
Four typical corrections are applied to the tensile stresses (crI)' strains (Et) or/and modulus 
CEt) obtained from laboratory tension tests. These corrections, which may be overlooked when 
deriving the tensile modulus, are the correction to peak or yield stresses due to cross section 
area reduction with increasing strains (Merry and Bray, 1996), the changes of Poisson's ratio 
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consistent with the large engineering strains (Giroud, 2004; Merry and Bray, 1996), the 
conversion of uniaxial tensile modulus to consider plane-strain conditions (Giroud, 2005; Bray 
and Merry, 1999; Soderman and Giroud, 1995) and necking influences (Giroud, 2004; 
Wesseloo et ai" 2004), 
Strain can be classified into engineering strain (E,) and natural strain (Ent). Engineering 
strain is computed as elongation divided by original length of specimen between the clamps. 
Merry and Bray (1996) suggested that 10, for geosynthetics experiencing large strains to be 
computed incrementally (Equation 3.34), where the length is taken from the previous 
measurement (not the original length). They then recommended that the tensile stresses be 
corrected to consider the thinning of geosynthetic thickness and width (function of Ent) due to 
Poisson's ratio effects, when stretched extensively in the tensile test (Equation 3.32). 
For incompressible material (e.g. GM), the true Poisson's ratio of 0.5 is only valid for 
small strains. Likewise, the Poisson's ratio at zero strain (uo) for compressible material (e.g. 
GT) is not constant, and decreases with increasing strains (Merry and Bray, 1996; Giroud, 
2004). They produced a theoretical relationship (Equation 3.33) to compute u that is a function 
of Ent and uo• 
The wide strip tension test is better than the uniaxial tensile test as it provides lateral 
restraint of the specimen at grips. Merry and Bray (1997) described that the boundary conditions 
for wide strip tensile test vary from plane strain at the clamps to uniaxial in the middle portion 
of the specimen. For multiaxial tension tests, the boundary condition is intermediate between 
that in a nearly isotropic, biaxial stress state at the centre of the specimen to a plane-strain, 
biaxial stress state at the clamped edge. Moreover, Bray and Merry (1999) found that although 
the uniaxial and multiaxial responses were similar in peak strengths, the multiaxial results 
displayed higher initial secant modulus (Le. stiffer) than the uniaxial results. This was attributed 
to the fact that the dumbbell specimen in the uniaxial test was subjected to 'necking' 
phenomena, which unrealistically yielded high rupture strains measured in the laboratory 
(White and Kolbasuk, 1990). Soderman and Giroud (1995), and Giroud (2005) related the yield 
stresses and strains in uniaxial states to plane strain biaxial states and hence, the relationship 
between uniaxial (Etsec) and plane strain (E"ec(PS) secant tensile moduli can be defined using 
Equation (3.35). Based on experimental results, Bray and Merry (1999) stated Et""(ps/E",c ratios 
of 1.0 to 1.9 for HDPE geomembrane. 
In uniaxial tension tests using dumbbell specimens, the measured lateral strain tends to be 
overestimated due to 'necking' phenomena, which results in higher experimental Poisson' s ratio. 
than the theoretical Poisson's ratio (Equation 3.33). According to Giroud (2004), measured 
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Poisson's ratio can be estimated by multiplying the theoretical value with a factor of 1.15, 
assuming that the necking is 15% of the length at each end of the specimen. 
2.4 Landfill Design Component: Anchorage 
Tensile forces and strains in geosynthetics are not representative without modelling a 
suitable anchorage system. Fowmes et al. (2007) indicated three approaches to model 
anchorage, either by fixing the end of the geosynthetics, using a flexible attachment to allow 
displacement at the anchor point or detailed modelling of anchor trench structure and anchorage 
behaviour. The first approach is widely adopted due to its simplicity. Mei~ner and Abel (2000) 
have fixed GM, while freeing the drainage layer and GT at the crest of the side slope to allow 
displacements. This assumed that the material overlying the geomembrane was allowed to slip 
(sacrificial layer) to protect the geomembrane barrier against excessive tensile stresses and 
strains if failure occurred (Villard et al., 1999). Meanwhile, Fowmes et al. (2006) suggested 
applying a flexible attachment with bond yield criterion and geomembrane tensile yield value to 
. 
depict the pull out and rupture of an anchorage if these responses are expected at site. ViIlard 
and Chareyre (2004) modelled the anchor trench structure using a two-dimensional discrete 
element method and were able to reproduce the mechanisms of anchor failures. To date, 
attempts to represent the full effects of geosynthetic anchoring are scarce and its modelling 
merit is yet to be weighted. 
2.5 Landfill Lining Design Issues 
An engineering structure is checked against ultimate (complete loss of function) and 
serviceability (impairment of function) limit states to ensure its performance throughout the 
design life. In landfilllining engineering design, the stability and integrity of lining system are 
the ultimate and serviceability criteria to be satisfied. Typically, the lining stability and integrity 
are predicted using limit eqUilibrium and numerical methods, respectively. 
Ultimate stability failure of a lining system is often identified to occur along the weakest 
interface, or to propagate from excessive displacements within the waste (Section 2.0). The 
potential failure of waste slope is analysed similar to the overall slope stability of fill and 
embankments using LE methods of slices (Duncan, 1996) such as Bishop, Janbu, Spencer and 
Morgenstem and Price, or employing numerical analysis based on strength reduction approach 
(Dawson et al., 1999). Commercial LE software such as SB-SLOPE, PCSTABL6, SLOPEW 
were developed to locate the unknown critical Slip surface within the waste body. Nevertheless, 
the location of sliding along the weakest interface is predetermined and therefore, the mobilised 
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shear stress can be estimated and FS calculated using approaches summarised in the following 
sub-section. 
2.5.1 Limit equilibrium analyses (LEA) 
Limit equilibrium analyses is based on achieving a stable (static) system by equating the 
horizontal forces, vertical forces and/or moment to zero. Failure to close a moment or force 
diagram (i.e. FS<1) indicates that a system is dynamic or failing . 
• :. Landfilllining limit equilibrium stability analyses 
Formulations for landfiU sliding stability date back to Martin and Koerner (1985), who 
initially used infinite slope and two-wedge approaches to compute FS values of a uniform and a 
tapered cover soil, respectively. The two-wedge method consists of an active wedge lying on 
the back or side slope that tends to cause failure, and a triangular passive wedge (buttress) lying 
on the landfill foundation or liner system that resists failure. Since then, many different 
formulations to improve the two-wedge approach in calculating FS have been developed to 
include geosynthetic tension from crest anchorage (Giroud and Beech, 1989), interface adhesion 
(Koemer and Hwu, 1991; Giroud et al., 1995b; Qian and Koerner, 2004; Koerner and Soong, 
2005), reinforcement (Quinn and Chandler, 1991; Koerner and Hwu, 1991; Koerner and Soong, 
2005), and different destabilisation forces such as seepage and pore water pressures (Giroud et 
al., 1995a; Soong and Koerner,1996), equipment and plant (McKelvey et al., 1991; Kerkes, 
1999; Koerner and Soong, 2005), and seismic activity (Koerner and Soong, 2005). 
However, calculated FS for the same loading scenario based on two-wedge method 
between two similar formulations may vary due to different definitions of FS and directions of 
the interwedge force assumed to solve the equilibrium equations. For example, Koerner and 
Soong (2005) defined FS as a ratio of available to mobilised interface shear strengths along the 
weakest interface, while Giroud et al. (1995a, b) specified FS as the ratio of resisting to driving 
forces. Moreover, Giroud et al. (1995a, b), Koerner and Soong (2005) and many other 
researchers assumed that the resultant interwedge force was parallel to the back slope and thus, 
was independent of wedge material shear strength. According to Qian et al. (2003), such 
assumption cannot reveal the effect of the internal friction angle of wedge material on the 
translational failure. Therefore, they extended the two-wedge method by considering that the 
force is inclined at an unknown angle, which is a function of wedge material shear strength and 
an assumed factor of safety at interface between active and passive wedges. Qian and Koerner 
(2004) later improved the formulations of the new two-wedge method to include interface 
adhesion. They demonstrated that the waste filling sequence that maintains FS above a 
stipulated value during landfill operational phase can be designed using the formulation. 
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Nevertheless. the two-wedge method produced by Giroud et al. (1995b) are used to 
develop the reliability-based design of veneer cover soil stability in Chapter 6 because their PS 
formulation is relatively simple and can be solved directly (without quadratic formula). 
Additionally. their PS expression is the sum of 5 dimensionless terms. Therefore. the 
contribution of each term (interface adhesion. interface friction angle. cover soil cohesion. cover 
soil friction. geosynthetic tension) to PS can be identified. making it easy to evaluate the 
significant input parameters for stability of veneer cover soil. 
Parallel to the development of two-wedge methods. the limit method (LM) of transferring 
shear stresses through geosynthetic layers was also established (Giroud and Ah-Line. 1984; 
Koerner and Hwu. 1991; Long et al .• 1994). which enabled geosynthetic tension to be 
estimated. According to LM. a geosynthetic is subjected to tensile forces if the stresses at the 
upper interface is higher than the underneath interface. However. such methods assumed that 
the shear strength at both interfaces are fully mobilised. and do not consider the c1isplacement 
compatibility between buttress. interface and geosynthetic. Therefore. a simple composite 
column (SCC) method has been proposed by Long et al. (1994). Liu (2001). and Liu and Gilbert 
(2003) to counter these shortcomings. The principle of SCC is that the unbalanced force 
between upper and lower interface is taken proportionally between buttress and geosynthetics 
above the failure plane by setting the displacement in the tensile component equal to the 
compressive component. Long et al. (1994) and Bergado et al. (2006) compared the tensile 
stresses developed in the geosynthetic lining components using both approaches and found that 
LM method yielded excessively conservative results because the contribution of cover soil and 
geosynthetics were overlooked. However. SCC assumes that no slippage occurs except at the 
weakest interface. limit state for the interface resistance. and the interface and soil strength are 
independent of displacements. To date. numerical methods (Section 2.5.2) are used to deal with 
these shortcomings . 
• :. Peak and residual or large displacement shear strength 
The selection of strength parameters and factor of safety should be justified based on 
assessment of all possible mechanisms that can occur and potentially mobilise the post-peak. 
and eventually the residual strengths during the construction. the operation and the closure 
phases of a landfill. Dixon and Jones (2003a) associated the mobilising mechanisms during 
construction activities to equipment loadings and deformation as well as to improper handling 
and installation of the geosynthetics. During operation activities. the peak strength can be 
exceeded due to placement and settlement of waste. both in short- and long-term (i.e. aging. 
creep. degradation). as well as the differential settlement of foundation subgrade. Thiel (2001) 
stated that the peak strength of a bottom liner interface might unexpectedly be exceeded due to 
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non-uniform stress distribution and strain incompatibility between lining components and waste, 
seismic loading and unexpected increase in pore pressure. 
There are few papers in the literature that provide guidance on selecting peak, residual or 
factored interface strength parameters for use in limit equilibrium (LE) methods to account for 
strain-softening behaviour of interfaces. Koemer and Bowman (2003) listed from the most 
conservative to the least conservative choices of using peak ('tp), residual ('t,) or in-between 
strength ('tLE) normally use for LE design as follows: 
(1) Residual strength for all conditions (Stark and Poeppel, 1994); 
(2) Residual strength of the interface having the lowest peak strength (Gilbert and Byme, 
1996; Gilbert, 2001); 
(3) Peak strength on the base and residual strength throughout the steeper side slope 
(Byme, 1994; Thiel, 2001; Dixon and Jones, 2003a); 
(4) Peak strength at the top of the slope, residual at the bottom of the slope, and peak 
strength along the base (Heerten, 1995); 
(5) Peak strengths for all non-seismic conditions with adequate factor of safety, FS 
(Koemer and Bowman, 2003). 
Koemer and Bowman (2003) argued geosynthetic interface design (excluding for 
seismically active areas and unusual installation consideration such as backfilling down slope) 
using other than peak strength is simply defending a poor design and technology because other 
engineering materials such as cast iron, steel, fibreglass, graphite, carbon fibre epoxy system 
and other elastic-brittle materials have been successfully designed based on the target of yield 
state (i.e. peak strengths). 
Jones (1999) found that using peak strengths on both the base and side slope, or peak 
strengths on the base and residual strengths on the side slope overestimate the factor of safety. 
Conversely, using residual strengths for both base and side slo~e underestimate the factor of 
safety for landfilI stability and thus led to conservative, as well as costly, design of slopes 
(Gilbert and Byme, 1996). Filz et al. (2001) recommended using a higher interface residual 
shear strength, 'tLE (Equation (2.14», or using 't, but reducing the acceptable FS by a factor of 
RFFS (Equation (2.15» for LE analysis. These relationships were derived by comparing FS of a 
certain landfill configuration obtained from finite element analyses (PEA) using perfectly 
plastic interfaces, with FS attained from LEA using residual shear strengths. The A term is 
defined in Figure 2.23. From their parametric studies, the value A is equal to 0.1 for their 
investigated landfill geometry and interface configurations. 
(2.14) 
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(2.15) 
For seismic evaluation of landfill stability. generally 't, or large displacement interface shear 
strengths ('till) are utilised (Richardson. 2002). Thiel (2001) concluded that for loadings which 
are expected to produce deformation greater than 20 mm. 't, or 'tLD must be considered. 
R 
A 
~ ________________ ~_~_~_~_~_L ______ __ 
Relative shear displacement 
Figure 2.23 Strain softening behaviour 
Gilbert (2001) recommended a few design guidelines incorporating the residual interface shear 
strength as follows: 
• Adopt 't, for the system with FS approximately equal to 1 because there is less uncertainty 
in estimating 't" which depends primarily on the chemical composition of the soils and 
geosynthetics. Furthermore. there is still conservatism built in using a FS of 1.0 as the 
mobilised strength in the field is likely be greater than or equal to the residual strength 
(Thiel.2001); 
• Adopt F < 1.0 with 't, on the basis of acceptable (low) risk of failure; 
• Both peak and residual strengths are needed for design to determine the residual strength for 
the system. The residual strength for the lining system is the residual strength of the 
component with the lowest peak strength. The critical slip plane occurs at this interface and 
is postulated to govern the deformations in the lining system (Thiel. 2001). A critical 
interface (Le. interface with lowest peak strength) that displays ductile behaviour is more 
desirable than an interface that exhibits brittle behaviour. 
From the above discussions. whether 'tp• 1;. or hybrid 't should be adopted for LE design 
still remains a key issue. Furthermore. the selection of suitable shear strengths to account for 
uncertainty in design and the integrity of the lining systems are not addressed properly. 
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2.5.2 Numerical analyses 
Issues of numerical landfill modelling such as strain-dependent interfaces, multilayered 
lining system, staged construction, waste barrier interaction and geosynthetic anchorage 
highlighted by Fowmes et al. (2007), are required in order to obtain an accurate stress-strain 
behaviour of waste mass, and lining systems for a landfill under a specific loading. Table 2.3 
summarises some numerical landfill analyses compiled from a literature study, in which the 
finite difference method (FDM) were widely implemented for landfill models. All numerical 
models in Table 2.3 except Fo~mes et al. (2006), are shallow-sloped landfills with either waste 
stacked against one side slope (temporary landfill cell shown in Figure 2.24a), or a completed 
landfill geometry (Figure 2.24b), or without the waste mass for cover soil and equipment 
loading. 
Figure 2.24 (a) A temporary landfill cell, and (b) a permanent completed landfill geometry 
.:. Interface shear responses 
Byme (1994); Reddy et al. (1996); Jenevein et al. (1996), Jones (1999), Filz et al. (2001), 
and Jones and Dixon (2005) carried out numerical analyses on a similar landfill cross-section 
geometry (Figure 2.24a). Byme (1994), Jenevein et al. (1996), and Filz et al. (2001) adopted 
FDM to obtain landfill failure heights (i.e. stability) for different waste and interface stiffnesses, 
side slope angles, and base slopes, while the others have changed these input parameters to 
investigate the shear stresses and displacements of the liner due to waste settlement downdrag. 
Byme (1994) modelled the multi-layered lining system as a single interface but used the 
combination of two interface shear strengths to represent the weakest interface (occurred at 
SGM-GT or SGM-fines soil interfaces if the applied normal stresses were less than or greater 
than 177 kPa, respectively). He revealed many design issues which include the appropriateness 
of LE approach for stability analysis involving strain-softening interfaces and brittle waste 
material, suitable FS when peak or residual strength strengths was used for deSign, and the 
uncertainty about long-term strengths. He also recommended a sacrificial layer for liner design 
(with strength lower than peak but higher than residual of the barrier interface) be placed above 
the barrier component to protect it from excessive movement. 
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Jenevein et al. (1996) also conducted single-interface numerical analyses and 
demonstrated that the critical landfill heights (H,) increased with increasing waste stiffness and 
decreasing back slopes until 34°. Meanwhile, Jones (1999) stated an increasing shear stress 
mobilisation and displacements along a single-interface liner with increasing waste stiffness. 
Likewise, Reddy et al. (1996) showed that stiffer waste induced more stresses and 
displacements especia\Iy near the toe of side slope liner, while softer waste imposed more 
stresses and displacements on the base liner below the highest part of the waste (assuming the 
same density conditions in soft and stiff waste). In contrast, Filz et al. (2001) carried out 
multiple-interface numerical analyses and found that Hi increased with decreasing waste, 
stiffness. They also asserted greater mobilisation of interface shear strengths (more severe 
progressive failure effect) was associated with a less stiffer waste material. Their results have 
highlighted the differences of outcomes when different waste materials, numerical methods, and 
modelling techniques were applied (see Table 2.3). 
Most of the landfill numerical analyses discussed above were focussed on the short-term 
construction effects. Moreover, the tensile reinforcement of geosynthetics above slip surface 
and the anchorage system, which may lessen progressive failure effect, were neglected. Byrne 
(1994) has taken into account the long-term effect of waste settlement by reducing the peak 
shear strength, while J ones (1999) projected the long term waste settlement by assuming the 
interface to be in a drained condition with zero pore water pressure, while the waste stiffness 
and Poisson's ratio were chosen to produce final settlements (i.e. combining mechanical 
compression and degradation) of 20% of the initial waste thickness. Although the effect of 
displacement rate (rate of biodegradation and creep) at critical interface due to waste settlement 
was not considered, their results provided valuable insight into the effects of different design 
variables such as height of fill, stiffness, unit weight and shear strength of waste, as well as side 
slope gradient on the interface shear stress, shear strength and shear displacement along the 
critical liner interface. Their shear stress and displacement distributions obtained in the study 
displayed similar patterns to the study carried out by Reddy et al. (1996), with the exception of 
lower mobilised shear stresses and displacements along the base interface. Mei~ner and Abel 
(2000) modelled the biodegradation of waste by simulating the volume reduction with a time 
dependent shrinking function. Strains were imposed in the waste elements by implementing a 
time dependent volumetric shrinking strain rate in the vertical direction. They were able to plot 
liner displacements with time, but unfortunately their analyses were only carried out after 
completion of filling (instantaneous loading at initial waste placement), and the strain-softening 
behaviour of interfaces were not considered. 
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Table 2.3 Summary of numerical analyses from literature survey 
Analysis SOURCES MATERIAL MODELS AND BASE CASE CONDITIONS (Program) Geometry (Waste element) Waste Interface Geos X!!:thetic Anchorage Loadin~s Construction Foundation/eeL 
FDM Gilbert et al. (1993). - Plane strain - Inelastic, non- • Inelastic, non- - Fix at top and -CS. CS and - Instantaneous - Rigid (fixed in 
- 1:2 side slope - not modelled linear springs linear springs (GEOSTRES) Long et al. (1995) 
- No strain softening - Multi-interface bottom of slope waste (apply b.c.) all directions) 
FDM Byme - Plane strain - Mohr-Coulomb -Coulomb - not modelled - 2 lifts (27.4 m - Rigid (not (Quadri. element) - Strain softening - not modelled -Waste allowed to (FLAC) (1994) 
- Landfill cell~ t:2 side slo~ (elastic plastic) - Zero thickness - Single-interface high) defonn laterall),:) 
FEM Reddy et al. - Plane strain - Hyperbolic - not modelled - 8 lifts (30.5 m - Rigid (not (Triang. and quadri. elements) - Hyperbolic - No strain softening - not modelled -Waste allowed to (SSCOMPPC) (1996) 
- Landfill cell~ 1:2 back sl~ - Zero thickness - Single-interface high) defonn lateraUx) 
FDM lenevein et al. - Plane strain - Mohr-Coulomb -Coulomb - not modelled - Incremental 
(FLACO (1996) (Quadri. element) (elastic plastic) - Strain softening - Single-interface - not modelled -Waste until failure - not stated 
- LandfiU cell; 1: 2 side slo~e - Zero thickness 
FDM Del Greco et al. - Axisymmetry - Mohr-Coulomb - not considered - thin continuum 
- not stated -Waste and CS - Instantaneous - Mohr-Coulomb (FLAC) (1997) (Quadri. element) (elastic Elastic) - Single-interface (15 m high) 
FEM Villard et 01. - Plane strain - not stated - Coulomb, no strain - Bar element - Fix at top and -CS only - Stages of CS - Linear elastic (1999) (Triang. element) softening, hXbrid - Multi-interface bottom of sloEe elacement 
FEM Mei~ner and Abei - Plane strain - Coulomb friction - Linear elastic - Fix GM, free - Waste and CS - Instantaneous - Drucker-Prager (Quadri. and triang. elements) - Linear elastic - No strain softening (21 m high) - Pin at (ABAQUS) (2000) 
- ComEleted landfill; 1:3 sloEe - Thin continuum - Multi-interface GT - Time-dependent foundation 
FEM - Plane strain - mcdified (mod) - Mod. hyperbolic - Linear elastic - Incremental - Rigid (pin at 
(SAGE) Filz et al. (2001) (Quadri. and triang. elements) hyperbolic - Strain softening (Bar element); - not stated - Waste until failure foundation) 
- Landfill cell; 1:2 side sioEe - Zero thickness - multi-interface 
FEM Massimino et al. - Plane strain - Mohr-Coulomb 
- Elastic - Linear elastic - not stated - Waste and CS - Instantaneous - Mohr-Coulomb (PLAXIS) (2001) (Triang:. element) (elastic Elastic) (Bar element) - Pseudo-static 
FDM Jones et al. - Plane strain 
- not modelled - Coulomb - not modelled - not modelled - Static equipment - 20mhigh - not stated (FLAC) (2000) (Quadri. element); 1:3 slo12e - Strain softening - single interface and CS 
FDM iones (1999). - Plane strain - Mohr-Coulomb -Coulomb - not modelled - Instantaneous - Rigid (minimal Jones and Dixon (Quadri. element) - Strain softening - not modelled - Waste (FLAC) (2005) - LandfiU cen~ 1:3 side sloEe (elastic plastic) - Zero-thickness - single interface (30 m high) displacement) 
- Plane strain 
- Shear springs - Tensile strings - Static equipment - CS thickness DEM Park and Lee (2005) (Triang. element and Winkler - Mohr-Coulomb - not stated - not stated 
sErings); 23° side slo12:: - No strain softening - Multi-interface and CS of 0.6 m 
FDM Burlingame et al. - Plane strain - Mohr-Coulomb - Instantaneous (Quadri. element) - not modelled - not modelled - not modelled - Waste and CS (Slope stability - Mohr-Coulomb (FLAC) (2006) 
- comEleted landfill (elastic plastic) anal~sis) 
FDM Fowmes et al. - Plane strain - modified Mohr- -Coulomb - Linear elastic - Fix at top of - various waste -Rigid (minimal (Quadri, element); > 60° slope - Strain softening (Beam element) -Waste and CS lifts thickness (FDM) (2006) 
- completed landfil1 Coulomb - Zero thickness -Multi-interface each waste lift - steeE landfill defonnation) 
Note: Quadri.= quadrilateral; triang. = triangular; CS = cover soil; b.c. = bOWldary condition 
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The evaluation of tensile behaviour in barrier component (e.g. GM) are essential to ensure 
that no leak and contamination to the groundwater regime occur from the landfill facility. Long 
et al. (1993, 1995), Mei~ner and Abel (2000) and Fowmes et al. (2006) were among the few 
that have investigated the tensile stresses and strains induced within the geomembrane liner due 
to waste settlement downdrag, while ViIlard et al. (1999) and Park and Lee (2005) examined the 
geosynthetic tensile responses due to cover soil placement and equipment loading, respectively. 
Long et al. (1995) illustrated that the tensile loads and strains in the liner components 
were the greatest near the crest and decreased with distance downslope. The tensile loads were 
likely to occur in the components above the weakest interface and were distributed 
proportionally to the stiffness of the components above sliding plane. Mei~ner and Abel (2000) 
illustrated the maximum tensile loads of the anchored GM occurred at two thirds of the slope 
below the landfill crest, and the strains reached up to values of 0.6% for their shallow slope 
lining configuration. Fowmes et al. (2006) demonstrated that maximum stress in GM have 
exceeded the peak strength for their steep-walled landfill due to waste loading alone. VilIard et 
al. (1999) have noted that the stiffnesses of geosynthetics affected the relative displacements at 
the interfaces, and therefore must be included in a landfiIl numerical analyses. 
To summarise, an ideal numerical analysis should reflect the behaviour of waste, 
interfaces (e.g. strain softening) and geosynthetics, and take into account the field construction 
sequence, loading conditions and the long-term effects. To date, none of the numerical analyses 
have yet successfully include all these elements into their landfill models. 
2.6 Traditional Versus Reliability-based Design Approaches 
The traditional design practice only requires a global factor of safety (FS) to judge the 
soundness of design. Thus, the condition of the feature, the engineer's judgment, and the degree 
of conservatism incorporated into the design parameters are lumped into a single FS value. For 
example, the V.S. Army Corps of Engineers and many other agencies apply minimum or target 
safety factor (PS,) of 1.5 for long-term stability of a slope, and FS, of 2.5 to 3.0 for bearing 
capacity, erosion and piping (Duncan, 2000; Sabatini et al., 2002). Using large-displacement 
shear strength, the FS, for design is normally in the range of 1.15-1.3 (Sabatini et al., 2002). The 
FS, employed is not unique, and depends on the design equations as well as the degree of 
applied material strengths. This traditional design approach adheres major drawbacks listed as 
follows: 
• The input parameters must be assigned single, precise values, but may in fact be uncertain 
(VSACE, 1995). Thus, this approach is typically known as deterministic design; 
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• Lack of justification on the need for additional efforts to obtain better quality information 
for design, and little incorporation of past experience (phoon, 1995). 
Therefore, a strict criteria to achieve FS, does not necessarily warrant a safe design or 
acceptable performance, unless the uncertainties associated with FS calculation are adequately 
considered. The lack of consensus between the method of assessment and the choice of the 
parameter values in deterministic approach have led to different levels of conservatism in the 
calculated FS. 
To tailor for the need to achieve a satisfactory system performance without ignoring the 
risk of failure or the uncertainties in the design, the reliability-based design (RBD) is construed. 
According to Phoon (1995), reliability analysis is the evaluation of design risk using probability 
theory. Therefore, any design approach that employed the principles of reliability analysis is, 
categorised as reliability-based design (RBD). In V.S. and Europe, the approach is incorporated 
into standards of practice known as Load and Resistance Factor Design (LRFD) and Limit State 
Design (LSD), respectively. These RBDs are based on a simplified approach that involves the 
use of multiple-factor formats for checking designs. The multiple factors are calibrated using 
reliability theory to produce designs that achieve a known consistent level of reliability. 
However, these approaches do not allow code users to have control over the target failure 
probability, and uncertainty associated with a specific design cannot be directly incorporated 
(Gilbert, 1997). Nevertheless, the partially empirical RBD approaches do inherit the major 
advantage of keeping the new design methodology compatible with existing experience based 
design (Kulhawy and Phoon, 1996). Details on deriving the factors in RBD approach found in 
Phoon et al. (1995), serve as a useful reference. The advantages of RBD design include the 
following: 
• Assist in decision-making, which leads to an economical and safe design; 
• Minimise the potential of failure and therefore, the cost of repair; 
• Reduce the incompatibility between structural and geotechnical design procedures; 
• Better rationalisation of FS to accommodate new design scenarios. 
In addition, the probabilistic methods in geotechnical engineering has been advocated by many 
researchers since 1960s (Li and Lam, 2001), most notably in slope stability and earthquake 
engineering. 
Extensive literature reviews on reliability analysis can be found in many textbooks 
(Baecher and Christian, 2003; Ang and Tang, 2007). In geotechnical engineering, published 
articles using this technique have also emerged, which range from basic concepts of probability 
theory to different advanced mathematical tools for reliability analysis. Due to limited space, the 
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fundamentals of reliability analysis are outlined, and the common tools to conduct such analyses 
are presented in the following sections. 
A reliability analysis evaluates the probability that capacity 'exceeds demand, where either 
or both capacity and demand are uncertain variables. A simple comparison between 
deterministic and reliability frameworks are outlined in Figure 2.25. Two additional 
requirements are imposed in the later approach; characterising the uncertainty in the design and 
computing another performance indicator such as reliability index (~) or failure probability (P,). 
Most of the uncertainties especially relating to .design methods and parameters are dealt 
statistically through reliability and probability theories. The ability to quantitatively analyse 
variability and uncertainty using probability approach, in addition to the results from 
deterministic approach enhances decision-making in benefit-cost analysis and probabilistic risk , 
assessment. The last item in Figure 2.25 is related to risk assess 
identification of risks, hazards, and consequences, investigation of po 
ment, which includes the 
ssible steps to reduce risks 
imply the likelihood that 
oss will occur and is often 
and consequences, and prioritisation of remedial actions. Hazards 
some event may occur, while risks express the likelihood that some I 
a product of the probability that a hazard would occur and the probabi lity of a loss given that the 
h extends factor of safety 
and uncertainty in the 
hazard occurs (Whitman, 2000). In summary, probability approac 
concepts (USACE, 1995) to explicitly incorporate variability 
performance measure (e.g. FS). 
I 
I 
I 
Deterministic Design 
.11 Probabilistic Design , 
Deterministic Performance Defined Limit Xk and am of the Metho d to 
Xkand 
ormance 
on 
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c,g. slope e,g, FS e,£,ln(FSldJ. taken as random O'm ofperf 
stahility FS=O variables functi 
Requirements / Procedures 
CapaC'ity-deoumd mode! I Capacity-demand mode 
Characterising uncertainty & 
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Factor of safety (FS) 11 Reliability index. P 
1 Probability of failure. P 
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Target factor of safcty (FSr) Target probability of failure 
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Figure 2.25 Probabilistic risk assessment in geotechni cal design 
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2.7 Variability and Uncertainty 
The USEPA defined variability as the true heterogeneity or diversity in a population and 
uncertainty as a lack of knowledge regarding a population (Olsen, 2000). Uncertainty can be 
reduced with additional data while variability can be better comprehended by the collection of 
additional data. Mishra (2002) stated that distributions of variable quantities represent the 
relative frequency of values from a specified interval, and distributions of uncertain quantities 
represent the degree of belief that a known value is within a specified interval. 
Sources of variability can be categorised into 3 groups, namely spatial variability, 
temporal variability and inter·individual variability (Olsen, 2000). In risk estimation, these 
variability can be dealt with in 4 ways (National Research Council, 1994): (1) ignore the 
variability if it is relatively low, (2) disaggregate the variability by separating data into 
subpopulations in order to reduce it, (3) use the average as an estimator of the true population 
mean, and (4) use maximum and minimum values to obtain conservative results. 
Christian et al. (1994) categorised uncertainty in the measurement of soil properties as 
shown in Figure 2.26. They stated that the data scatter associated with spatial variability 
averages over the volume, while systematic errors including statistical error in the mean and 
bias in measurement procedures, are consistent across the volume. In probabilistic seismic 
hazard analysis, the categories are referred to as aleatory and epistemic uricertainties. The 
epistemic uncertainties can be reduced through better and more extensive testing, while the 
aleatory uncertainties (e.g. future water condition) cannot be evaluated through investigation 
(Moriwaki and Bameich, 2001). In design, information from all possible sources including 
back·analysis from case histories, laboratory testing, field instrumentation and experience are 
subjected to uncertainties as stated in Figure 2.26. It also includes errors in transformation 
(empirical data, idealisation of theory), simplification of geometry (e.g. subsurface stratigraphy, 
slip surface), method of analysis and material model, and prediction of failure mechanism. In 
geotechnical engineering, variability and uncertainty are often intertwined and lumped, 
especially in attempts to calculate the expected value and variance of the performance function 
(e.g. FS). Most arguments stated that variability in measurement causes uncertainty in design 
(Gilbert, 1997). 
2.7.1 Quantification of variability and uncertainty 
Measurements of material properties are subjected to systematic error and data scatter 
(Figure 2.26). The correction for statistical moments due to limited number of tests performed 
(e.g. systematic error) are presented in many statistical textbooks such as Ang and Tang (2007) 
in the sampling distribution chapter. However, the second component of systematic error (i.e. 
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bias in measurement procedures) cannot be measured directly and tbe quantification of it 
requires experience, judgement and assumptions (Christian et al., 1994). 
Uncertainty in soil properties measurement 
~~~~ 
Data scatter (random) 
Real spatial 
variation 
e. g. variability 
within soil 
profile, scale 
Random testing 
error 
e.g. mistakes in 
measurements 
Smaller influence as the uncertainty 
averages over the volume of soil 
Systematic error 
Statistical error in 
the mean 
Bias in test 
procedures 
e.g. limited e.g. effects of 
number of test excessive sample 
petjormed disturbance ~~~~ 
Higher influence as the uncertainty is 
consistent across the volume of soil 
Figure 2.26 Categories of uncertainty in soil properties (after Christian et 01.,1994) 
For data scatter, Christian et 01. (1994) stated that random testing error can be observed in 
the plotted data and tbus, can be eliminated. Meanwhile, tbe spatial variability represents an 
effect that occurs at a scale tbat is relevant in tbe field and needs to be considered in tbe 
geotechnical analysis. Li and Lam (2001) defined spatial random variability as tbe variation of 
the material properties to the actual values from one point to anotber, within an apparent 
homogeneous strata. The quantification of spatial variability is extensively explored by Fenton 
(1990, 1997, 1999), and Phoon and Kulhawy (1999a, b). It is one of the emerging fields in 
geostatistics, which is gaining application in geotechnical problems such as bearing capacity 
(Griffiths and Fenton, 2001; Fenton and Griffitbs, 2003), slope stability (Griffitbs and Penton, 
2000, 2004), foundation settlement (Penton and Griffiths, 2002, 2005), seismic liquefaction 
(Penton and Vanmarcke, 1998; Popescu et al., 2005) and retaining wall design (Fenton et al., 
2005). 
A transformation model is necessary to relate tbe test measurement to an appropriate 
design property. Transformation uncertainty is introduced as most models are obtained from 
empirical data fitting, and idealisations as well as simplifications in tbe theory (phoon and 
Kulhawy, 1999b). Phoon and Kulhawy (1999b) predicted the design properties (~) of a test 
measurement (Srn) based on the following generic probabilistic transformation model. 
(2.16) 
qm (z) = t(z) + w(z) + e(z) (2.17) 
where E is the model error, t is the deterministic trend, w is the inherent variability, and e is the 
measurement error with depth (z). Linearising Equation (2.16) about mean of (w, e, E) using a 
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first order Taylor-series expansion and applying second-moment probabilistic techniques 
(Benjamin and Comell, 1970) yield Equations (2.18) and (2.19), where Jlljd and SDb are the 
mean and variance of ;d' and SD~, SD; and SD; are the variance of inherent variability, 
measurement error and transformation uncertainty. These approximations are the second-
moment statistics of a spatially uniform design property. 
(2.18) 
SD2 =(dT)2 SDi +(dT)2 SD2 +(dT)2 SD2 
gJ dW w ae ' ae e 
(2.19) 
The spatial average of the design property, ;a' over some depth interval is defined in 
Equation (2.20). 
(2.20) 
where ;a is the spatial average, L is the averaging length, and z is the depth. The mean of the 
spatial average is the same as Equation (2.18), while the variance (SD~) is given by 
Vanmarcke (1983) as follows: 
(2.21) 
where, r(L) is the variance reduction function, which depends of the length on the averaging 
interval (L). He proposed the following approximate variance reductio~ function for practical 
applications: 
r\L) = Bv forL> ay 
L 
(2.22) 
(2.23) 
where ay is the vertical scale of fluctuation described as the distance beyond which the field is 
effectively uncorrelated. Equation (2.23) states that r(L) decreases with increasing L, which 
suggests that the uncertainty (Equation (2.21» is reduced for a structure involving a large area 
due to spatial averaging. Likewise, the horizontal random field can be defined in a similar way. 
Therefore, the exclusion of variance reduction due to spatial averaging in judgmental or 
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literature values may result in overestimation of failure probability (Moriwaki and Barneich, 
2001). 
Since it may not be possible to gather sufficient information to map the variable soil 
properties within the entire domain, Fenton and his colleagues modelled the spatial soil 
properties as random fields with a specific distribution. A basic random field representation 
requires information about mean, variance and correlation structure. The correlation structure 
(p), which describes the dependence between field values at different points, is often assumed to 
decay exponentially with distance (d) as follows: 
p(d)=exp{- ~I} (2.24) 
where d is a distance vector representing a spatial position, and e is the scale of fluctuation. 
McCartney et al. (2004) investigated the variability of internal geosynthetic clay liner 
(GCL) and GM-GCL interface shear strengths from a compiled database. They identified and 
separated the shear strength uncertainty due to systematic error (testing conditioning and 
procedures) and inherent variability of material. Therefore, they were able to quantify 
contribution of different sources to the overall uncertainty and hence, established degree of 
shear strength uncertainty representative of the field conditions. 
In addition to uncertainty described by Equation (2.21), an engineering design also 
inherits model error attributed to geometry simplification (two-dimensional versus three-
dimensional analyses), uncertainty of failure mechanism or plane, and numerical or rounding 
error (Christian et al., 1994). To date, the complex assessment of model error can only be 
ideally addressed through forensic evaluation of failures (e.g. large scale tests and full scale 
failure) or centrifuge testing, both of which are scarce. Based on previous case histories and 
engineering assumption, Christian et al. (1994) added the model error as a constant variance 
(independent of analyses domain) to Equation (2.21). They assumed that the model bias using 
Morgenstern and Price method of slices for James Bay embankment stability analyses 
overestimated FS by 5%, while the COY of the model error was 7%. Chalermyanont and 
Benson (2004) used the data from centrifuge experiments reported by Zornberg et al. (1998) to 
compute model bias and COY of model error. They stated that the model bias was 0.8% and 
COY of model error was 1.3% for Bishop's simplified method, which were insignificant when 
compared to the uncertainty of the input parameters. 
In summary, the uncertainty and variability of design parameters should be evaluated as a 
function of inherent variability, systematic uncertainty, and model (transformation) error. 
Identification and quantification of these types of uncertainty are useful so that efforts to reduce 
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them are proportional to their significance for engineering design. Systematic error has much 
greater influence on the predictive uncertainty than does spatial variability as the former 
uncertainty is consistent across a volume, while the latter averages over the volume (Christian et 
al. 1994). Nevertheless, Fenton et al. (2005) shown that the spatial variability of the retained 
soil influenced the failure mode, which resulted in a more complex behaviour than suggested by 
Rankine or Coulomb model for retaining wall design. 
2.7.2 Estimating moments of random variable 
Most uncertainty and variability are dealt with statistically, which involves estimation of 
expected values and the standard deviations of design parameters taken as random variables. 
Random variables are parameters having significance in the analysis but bear some 
uncertainties, and can assume a range of possible values. The expected value and standard 
deviation (stdev) or coefficient of variation (COV) are two of the several statistical moments of 
a random variable. Standard deviation indicates the scatter or dispersion of a random variable 
about its expected value in the same units as the random variable itself. COY, which is defined 
as the standard deviation divided by the expected value, provides a convenient dimensionless 
expression of the uncertainty inherent in a random variable. For example, it is more meaningful 
if the uncertainty in the interface shear strength for each normal stress was plotted using COY, 
in an attempt to eliminate the dependency of the standard deviation and expected value to the 
normal stress . 
• :. Statistical computation from data 
The mean (Ilx) and variance (Var[X]) for a finite sample are computed using Equations 
(2.25) and (2.26), respectively. To estimate the expected value (E[X]) or characteristic value 
(X,J for design purposes, the knowledge of the random variable distribution is required as 
suggested in Equation (2.27). 
n 
:LXi 
fix =Xm=~ 
n 
E[X] = fX/x(X)dX 
(2.25) 
(2.26) 
(2.27) 
where n is the number of trials, X is a random variable value and f(X) is the probability density 
function (pdf). E[X] is numerically similar to Ilx if the measured data is unbiased. 
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The covariance, defined in Equation (2.28), is analogous to variance but measures the 
combined effect of how two variables (e.g. X and Y) vary together. A non-dimensional measure 
of the degree of correlation between X and Y is expressed using the correlation coefficient 
defined in Equation (2.29). 
(2.28) 
Cov[X,Y] 
PXY = 
• (j x(jy 
(2.29) 
The correlation coefficient may assume values from -1.0 to + 1.0. A value of zero indicates that 
no linear correlation exist between random variables X and Y while a value of -1.0 or + 1.0 
suggests a perfect linear correlation. A positive value shows that the random variables either 
increase or decrease together, while a negative value indicates that one of the variable decreases 
as the other increases. Pairs of independent random variables have zero correlation coefficients . 
• :. Published data (priori information) and approximation 
Without sufficient data, ~x and Var[X] can be estimated from the published values or 
priori information (e.g. judgement, experience). However, the published values should only be 
used with cautious judgement and as a rough guide. 
The 3-sigma rule, expressed in Equation (2.30), is an approximate method in estimating 
standard deviation of a random variable in the absence of adequate data. The approximation 
requires judgment on the highest (HCV) and lowest (LCV) conceivable values, from either 
experience or literature data. 
stdev 
HCV-LCV 
Nn 
(2.30) 
Nn is taken as 6 assuming a normally distributed random variable, and 99.73% of the values fall 
within ± 3stdev from the mean value. Figure 2.27 can be used to obtain the number of standard 
deviations in expected sample range (Nn) based on the number of samples (n). It is observed that 
Nn is low for small number of samples and, hence yields higher stdev, which is associated with 
greater uncertainty in the expected value. Christian and Baecher (2001) stated that Figure 2.27 
is valid for any shape of random variable distribution. 
Similar to 3-sigma rule, Schneider (1997) estimated the mean value and COY as follows: 
_ (a+4b+c) 
fJ x - 6 (2.31) 
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c-a (2.32) 
a+4b+c 
where a, band c are the estimated lowest, most likely and highest conceivable values, 
respectively. One of the major deficiencies in this method lies in the difficulty in determining 
reasonable HCV and LCV. 
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Figure 2.27 Number of standard deviations in expected sample range (after Burlington and 
May, 1970) 
.:. Combination of test values and priori information 
The concept of Bayes theorem is often used (National Reseach Council, 1995; Schneider, 
1997; Gilbert et al., 1998; Zhang et al .• 2004) to combine a priori knowledge (experience, 
judgement) or published values with measured test values. This approach reduces the 
conservatism in using a priori information only and lowers the uncertainty associated with using 
limited measured test data alone. Denver and Ovesen (1994), and Schneider (1997) 
demonstrated that the application of Bayes theorem statistically produced a superior result, in 
which the combined standard deviation and COY of the undrained shear strength from vane 
tests were less than from priori or measured tests alone. Zhang et al. (2004) adopted a Bayesian 
approach to update the empirical predictions using limited site information, and hence 
effectively reduce the uncertainty associated with the empirical correlations derived using 
global or regional data sets. 
2.7.3 Characteristic value 
The characteristic value for design is also termed as a conservative chosen mean value 
(Eurocode 7, 2004), a nominal value (Nawari and Liang, 2000). or the expected value (USACE, 
1995). According to Eurocode 7 (2004), the characteristic value of a geotechnical parameter is 
selected as a cautious estimate of the value affecting the occurrence of the limit state. The code 
further states that the characteristic value should be derived such that the calculated probability 
2-65 
Chapter 2 - Literature review 
of a worse value governing the occurrence of the limit state under consideration is not greater 
than 5% if statistical methods. are utilised. This corresponds to 95% confidence level or 5% 
fractile, which is -1.645stdev from the mean value assuming a normal distributed random 
variable (one-tailed distribution). The negative value implies that the acceptable deviation is 
towards the left tail of the distribution. However, the technique proposed by Eurocode 7 (2004) 
is feasible only when enough statistical data are available (Nawari and Liang, 2000). 
Schneider (1997) defined the characteristic value using Equation (2.33), where Xk and Xm 
are the characteristic and sample mean values, V x is the coefficient of variation, n is the number 
of samples and f is the statistical coefficient related to the type of distribution, confidence limit 
and number of test values. Based on Figure 2.28, estimation of Xk is conservative for less than 
13 test values. Schneider stated that f I Fn of 0.5 produced good approximation of Xk and was 
valid for several distributions typical for soils. Moreover, the approximation of Xk using 
Equation (2.34) compared favourably with values typically used in geotechnical practice and 
can be used when no test values are available. 
(2.33) 
X k =Xm -0.5stdev (2.34) 
Figure 2.28 Relationship between statistical coefficient and number of tests (Schneider, 1997) 
Dixon et al. (2002) utilised Monte Carlo simulation to generate the moments of the peak 
interface shear strength parameters (Le. a,. and lip). The method was carried out to obtain the 
distributions of peak strength parameters, which were the intercept and slope of a best-fit 
straight line of three or more randomly selected shear strengths (Le. one from each normal 
stress). The postulated distributions of shear strength for each normal stress formed the input 
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data for the simulation. The mean values of I1p and 0. were taken corresponding to the highest 
occurrences (Le. peaks in the generated distribution curves), and the characteristic values can 
then be estimated using Equations (2.34). 
Nawari and Liang (2000) proposed a fuzzy concept to determine characteristic material 
properties. Similar to the Bayesian approach, the fuzzy concept derives the characteristic values 
by incorporating a limited number of test values with engineering judgement, experience of 
similar material or some data from other sources. The fuzzy concept is relatively easier than 
Bayesian updating because it does not require transformation of the probability distribution if 
the test values are not normally distributed. They presented the procedures and examples of the . 
fuzzy concept computation to determine the characteristic values for undrained shear strength of 
clay using a few fuzzy models, which is analogous to probability distribution. These models 
included a linear and unimodal function, a linear and non-unimodal function, a non-linear and 
unimodal function, and a non-linear and non-unimodal function. A function is unimodal if there 
is only one unique global maximum point. For comparison, Nawari and Liang (2000) showed 
that the characteristic value assuming 5% fractile (Eurocode 7, 2004), was significantly more 
conservative than using fuzzy concept. They also demonstrated that the characteristic value 
obtained using the Bayesian updating statistical approach resulted in a value closer to the 
minimum value estimated using their proposed fuzzy procedure. Finally, they presented some 
guidances on choosing a fuzzy model for determining the characteristic values for geotechnical 
properties. 
2.7.4 Engineering judgement 
Statistical information and probability distribution (pdf) of uncertain parameters based on 
observed or test data, especially related to landfill engineering such as waste properties and 
loading conditions, are often not available in the literature for use in reliability-based designs. 
Therefore, it is customary to seek the required information from experts in related fields. 
Casagrande's 1964 Terzaghi lecture was perhaps the first significant attempt to deal with 
uncertainty and risk in geotechnical engineering based on subjective judgement (Christian, 
2004). He supported the use of imperfect knowledge to estimate the probable ranges of all 
pertinent quantities that enter into the solution of a problem. 
A detailed expert elicitation process can be found in Cooke (1991) and Ayyub (2001). 
The principle phases of subjective assessment consists of identifying the issues to be submitted 
to the experts, selecting the expert(s), formal elicitation of expert judgements (e.g., paired 
comparison or AHP, Delphi technique), mathematical aggregation of answers and finally, 
drawing conclusions or consensus. According to Rodic-Wiersma and Goossens (200 la), 
selection of experts by peer designations is considered the best available approach. However, 
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Christian (2004) stated that the credential and experience of an expert do not always guarantee 
reliable estimate. 
According to Cooke (1991), an expert's opinion is subjected to 4 types of heuristics (i.e. 
availability, anchoring, representativeness, control) and biases such as overconfidence. Roberds 
(1990), and Li and Smidts (2003) indicated that the best approach to deal with these heuristics 
and biases is through expert training (e.g., self and calibrated assessment, probability encoding) 
before conducting the actual elicitation. The types of biases and solutions also depended on a 
targeted individual or a group of experts. In general, group e1icitation using techniques such as 
open forum, focus group and Delphi (no interaction between participant and iterations of 
questioning and feedback until a consensus is achieved) are more defensible than individual 
assessment (Roberds, 1990; Ayyub, 2001; Li and Smidts, 2003) from the perception of safety in 
numbers. Additionally, the questions should be layed out in a format compatible with the 
methodology used to perform the subjective aggregation, concise but well-defined and with the 
aid of an independent facilitator if possible (face-to-face elicitation). The question can be in a 
direct or indirect (e.g. betting rates) form. However, Ayyub (2001) stated the direct estimate of 
the degree of expert belief may produce the worst results if experts are not familiar with the 
notion of probability. The elicitation process must also be structured to reduce biases (e.g. no 
commercial significance), and detailed explanation for the opinions given must also be inquired. 
The aggregation methods are diverse, and range from easy-to-use techniques such as 
simple arithmetic and geometric averaging to complicated approaches such as classical model 
(Cooke, 1991) and Bayesian aggregation (Clemen and Winkler, 1990). A comprehensive 
summary of aggregation methods can be found in Clemen and Winkler (1999). According to Li 
and Smidts (2003), aggregation of expert opinions is essential, even if it is obtained by only a 
simple average, because it produced consistently better results than the individual opinions. The 
linear and logarithmic opinion pools are two mathematical aggregation by weighted arithmetic 
and geometric averaging commonly used in practice. The weights are assigned to reflect the 
analyst's ranking of the experts. 
Published works related to quantification of uncertainty for reliability-based geotechnical 
engineering design using subjective judgements are limited. O'Hagan (1998) demonstrated 
practical applications on how to elicit expert beliefs for constructing a prior probability 
distribution based on the opinions of means, variances, covariances, ranges and/or percentiles. 
He achieved a consensus based on a behavioural approach, in which agreement was generated 
among the participants by having them interact in some way (e.g. the information and findings 
were shared). 
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Rodic-Wiersma and Goossens (2001a, b) stated that the experts were reluctant to assert 
the probability of the occurrence of an individual failure event (P,) related to various elements 
of landfill technology without any field evidence. Therefore, they utilised a paired comparisons 
method, in which the participants were only asked to give their opinions on the likelihood of the 
failure events relative to one another. The issues elicited by them included the failure causes of 
leachate collection and removal system, and landfill bottom liners for the short- and long-terms. 
Although they identified and ranked various causes that can be used to construct a fault tree, 
which may lead to a landfill system failure, the occurrence probability of each cause are still 
undetermined. 
Lacasse et al. (2004) highlighted the role of engineering judgement for risk management 
of landslides, which involved risk identification, analysis and assessment. Based on weighted 
scoring, they mapped hazards into three classes of 'low', 'medium' and 'high', while 
consequences into 'not severe', 'severe', and 'highly severe'. Subsequently, the risk score of a 
landslide, which is the product of hazard and consequence, are the multiplication of hazard and 
consequence scores in percentage. The risk score is then compared against a table of risk classes 
to decide whether action or remedial work is necessary for the area under investigation. Expert 
judgements in this case were used to score the identified element of hazards and consequences 
for the area. Although this method of subjective judgement is relatively easy for the expert, it 
requires tables of classification for hazard, consequence and risk to be established beforehand 
using a technique such as fuzzy sets (Ayyub, 2001). Additionally, the probability associated 
with these classes are implicit. 
Lee (2005) used expert judgment to obtain probabilities of environmental condition 
changes and shoreline management practice for their event tree model, in order to predict cliff 
recession rates. For this type of elicitation, selection of experts is imperative. These experts 
must have understanding in probability theory to give an informed opinion. Lee (2005) stressed 
that the judgement should be directed to a group of open-minded and sceptical experts from 
different backgrounds. Furthermore, he asserted that a reliable subjective estimate can be 
established by proposing a range of possible scenarios, systematic testing of these scenarios 
through additional group discussion and investigation, elimination of non-credible scenarios and 
achieving consensus between participants. 
In summary, subjective expert judgement to fill the gap of imperfect or insufficient 
knowledge requires proper planning in order to achieve the goals of the elicitation. The planning 
should cover all principle phases of elicitation process outlined at the beginning of this section 
within the allocated cost and time. 
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2.8 Distribution of Random Variables and Performance Function 
Most of the discussion adopted in this section are taken from USACE (1995, 1999). Only 
continuous probability distributions are discussed, as J ones et af. (2002) asserted that most of 
the geotechnical properties behave as a con6nuous probability space. Continuous random 
variable values are distributed in accordance with probability density or distribution functions 
(pelf). An extensive review of pdf can be found in many statistical textbooks (e.g. Bury, 1999; 
Ayyub and McCuen, 2002). Understanding of random variables as well as performance function 
distributions is important to ensure that estimates made for the moment (e.g. mean, variance, 
standard deviation, COY) are appropriate and would produce an accurate computed failure 
probability using different reliability-based techniques. 
The normal distribution is commonly assumed to model many random variables with 
COY less than 30% (USACE, 1995). USACE (1995) stated that this distribution is the most 
unbiased choice, if the mean and standard deviation are the only information known. This 
distribution is usually adopted to represent the sum or subtraction of many random variables 
(Gilbert, 1997; Christian et al., 2002). According to Oberguggenberger and Fellin (2002), this 
distribution has the drawback that the random variable, X, can take negative values, which is 
physically impossible for some conditions. This happens because the distribution is theoretically 
unbounded and thus, large standard deviation can result in negative values sampled at the lower 
tail. However, Christian et al. (2002) stated that the probability of a negative normal distributed 
FS was very small. The normal distribution was noted to produce a conservative estimate of the 
failure probability (Oberguggenberger and Fellin, 2002; Sabatini et aI., 2002). 
A lognormal distribution has natural logarithm of a random variable (In X) that is 
normally distributed. The distribution is always skewed to right with limits of zero and positive 
infinity. According to USACE (1995), the lognormal distribution is preferred to model some 
random variables in engineering analysis due to the following: 
• The random variable cannot adopt negative values. 
• The random variables may assume values over one or more orders of magnitude (an 
assumption of normality would imply a negative probability value). Therefore, it provides a 
reasonable shape in cases where the COY is large (~30%). 
• The central limit theorem implies that the product of random variables approaches the 
lognormal distribution as the number of random variables increases. 
Oberguggenberger and Fellin (2002) stated that this distribution sometimes yielded high 
probabilities. According to Failmezger (2001), designs where the failure zone is along the left 
tail (e.g. factor of safety) tend to be conservative and those with the failure zone along the right 
tail (e.g. settlement ratio) will tend to be unconservative due to positve skewness of the 
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lognormal distribution. J ones et al. (2002) quoting USACE (1999) stated that the random 
variables often assumed to be lognormally distributed include coefficient of permeability, 
. undrained shear strength of clay and factors of safety. Duncan (2000) assumed that the FS and 
settlement ratio (SR) are lognormal distributed for case studies of LASH terminal slope failure 
and consolidation settlement of San Francisco Bay Mud, respectively. Nevertheless, he asserted 
that the assumption of a lognormal distribution of the performance function does not imply that 
the values of the individual random variables must be distributed in the same way. Fenton et al. 
(2005) also assumed lognormality for unit weight and friction angle of back-filled retaining wall 
soil. 
Due to flexibility of the beta distribution to model various pdf curves, it is gaining 
popularity to represent soil and structural systems that are generally bounded and skewed 
random quantities. Following the outcome by HaIT (1977) that the beta distribution was able to 
approximate most geotechnical engineering parameters, Oboni and Bourdeau (1985) proposed 
simplified formulations to obtain beta distribution parameters using only the range, mean and 
standard deviation of the random variable. Schexnayder et al. (2005) used this distribution to 
describe the activity times for a construction simulation. 
Uniform distribution is suitable when the random variable is likely to take on a value 
within an interval. The distribution may be used as a conservative pdf if an engineer is only 
confident with the maximum and minimum values of a variable (National Research Council, 
1995). Triangular distribution is useful as a rough model when a most likely value can be 
established in addition to the range of possible values, but not much is known about the shape of 
the distribution (Mishra, 2002). Exponential distribution arises often in practice in conjunction 
with the study of Poisson processes (e.g. time dependent processes or rates). It can be used to 
model a number of physical phenomena such as the time for a component to fail or the distance 
that an object travels before a collision. Curves of gamma distributions are not symmetric and 
are located entirely to the right of the vertical axis. These distributions are useful to model 
properties with positive values that tend to cluster near some value, but tend to have some very 
large values that produce a long right tail (Jones et ai, 2002). 
Finally, USACE (1995) suggested a method to assign and check assumed moments and 
distribution for random variables as depicted in Figure 2.29. In order to ensure that estimates 
made for these moments are reasonable, it is recommended that the probability plots or the 
shape of the distribution be plotted with the assumed statistical moments, which can easily be 
achieved via a spreadsheet software. 
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Estimating probability distribution 
of random 'Variables 
Assume trial 
values for 11, om 
and COV 
Plot PDF and CDF 
Figure 2.29 Procedures of estimating probability function using capacity-demand model (after 
USACE,1995) 
2.9 Reliability-based Design 
The subsequent sections complete the basic requisites for a reliability-based design using 
probabilistic approach. Only preamble of the requisites are discussed to gain understanding of 
the technique, as colossal researches and reviews have been established in past decades. The 
requisites include computing failure probability (Pt) or reliability index (~), which is the 
performance measure of a probabilistic design. Pt or ~ can be computed directly or indirectly 
(e.g. based on probability distribution ofFS) using different reliability schemes (Section 2.9.3), 
and the value is then compared with a target or acceptance criteria. 
2.9.1 Probability of failure 
State variables are the basic load denoted as Q, and resistance denoted as R, which are 
parameters used to formulate the performance function. The limit state function or safety 
margin is defined as g(R, Q)=O as shown in Figure 2.30. The region satisfying the criterion of 
g(R, Q»O delineates an ideal safe domain, while g(R,Q)<O depicts the failure domain assuming 
that both load and resistance can be clearly defined and segregated. 
The probability of failure is calculated by integration of the joint density function over the 
failure domain as illustrated in Figure 2.31. Based on conditional probability, the failure 
probability encompassing all possible combinations of R=r; and Q>r; are written as follows: 
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Pt = f[1-FQCr,)]rRCr,)dr, =1- JFQCr,)fRCr,)dr, (2.35) 
where FQ(ri) is the cumulative distribution function for load and fR(ri) is the probability density 
function for resistance evaluated at r" while the probability P(R=ri) is approximated as fR(ri)dri. 
Failure 
boundary (Iim~ 
state function): 
R-Q=O 
Figure 2.30 Safe and failure domains in a 2D state space (after Nowak and Collins, 2000) 
Figure 2.31 Pdfs of resistance, R, and load, Q (after Nowak and Collins, 2000) 
However, the joint density function between load and resistance as well as the integral are 
often difficult to evaluate. Therefore, failure probability are estimated indirectly using other 
procedures such as Monte Carlo simulation or reliability-based schemes (Section 2.9.3). Using 
Monte Carlo simulations, the failure probability is defined using Equation (2.36). 
N 
Pf=P(FS<I) = _1 
N, 
(2.36) 
where NI is the number of Monte Carlo realisations with FS less than unity and N, is the total 
number of realisations. However, the outcomes from Monte Carlo simulation depend heavily on 
the number of realisations. Tandjiria et al. (2000) adopted Equation (2.37) to estimate the error 
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percentage of the Monte Carlo simulation results, which is based on 95% confidence interval for 
the probability of unsatisfactory performance. 
Pf-p % error = 200 __ f N,Pf (2.37) 
where N, is the total number of Monte Carlo realisations and Pr is the probability of failure. 
Since conducting a long simulation with high numbers of realisations is not practical if a 
large number of cases is of interest, Breiman and Stone (1985) have developed a tail estimation 
technique to approximate the shape of the tail of the cumulative distribution function. This 
technique was adopted by Chalermyanont and Benson (2005) to approximate the tail for the 
distribution of factor of safety to estimate the failure probability for their system using fewer 
realisations, which also reduced the simulation time. Unlike the previous definition of failure 
probability, which required the joint probability densities of load and resistance to be properly 
defined, Breiman and Stone's technique is applicable for moderately heavy-tailed to slightly 
light-tailed distributions. It employs the fifth percentile order statistic of the factor of safety 
(FSps) to estimate Pr as follows: 
Pr= 0.05exp[(I-FSps)/AJ (2.38) 
where FSP5> I and A is calculated as 
1 m 
A= - LFSps -FS, 
m i=1 
(2.39) 
FSi is the ith of the m order statistics of FS in the lower 5% of the FS distributions. They found 
that lower Pr values computed using this technique are always within 10% of the Pr determined 
using direct computations of 1,000,000 realisations. 
The derived probability of failure from reliability computations is referred to as a 
theoretical failure probability since it does not account for all causes of failures such as human 
error, poor construction or 'acts of God'. It is often noted that the theoretical failure probability 
is significantly smaller than the actual failure rate (CIRIA, 1977; Smith, 1981; Livingstone, 
1989). Therefore, to ensure a safe design, the theoretical failure probability should be smaller 
than the actual failure rate for the structure. Further discussion on acceptable Pr to account for 
variability in load and strength parameters is presented in Section 2.9.4. 
2.9.2 Reliability index 
The reliability index (~) provides significant improvement over the use of traditional FS 
in measuring the relative safety between designs with consideration of the uncertainties in the 
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design. Reliability index portrays P, on a more convenient scale (e.g. less decimal points), in 
which G(x) represents the limit state function. Phoon (1995) also suggested that reliability index 
is preferred over the probability of failure due to the negative connotation of "failure". For most 
structural and geotechnical components and systems, ~ lie between I and 4, which correspond 
to probabilities of failure ranging from about 15% to 0.003% (Kulhawy and Phoon, 1996) with 
the assumption that G(x) is normally distributed. The choice between ~ or P, as a measure of 
design reliability is a matter of convenience. 
The reliability index shown in Figure 2.32 is loosely defined as a multiplier of the 
standard deviation for the limit state probability distribution curve, which specifies the distance 
from the expected value of the pdf to the limit state value (D'Hollander, 2002). Subsequently, P, 
is then expressed as the area under the pdf curve with values less than the limit state. The limit 
state value is often taken as 0 if G(x) is defined as a safety margin (e.g. R-Q), or 1 if ratio of 
safety factor (e.g. RJQ) is considered. 
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Figure 2.32 Illustration of reliability index considering margin of safety as limit state function 
(after USACE, 1995) 
In general, ~ is expressed as follows: 
/3 = E[G(x)] 
ao 
(2,40) 
where E[.] and (la are the expected value and standard deviation for the limit state function, 
respectively. If G(x) is expressed as a safety margin (e.g., G=Q-R) and normally distributed, the 
reliability index is expressed using Equation (2,41). 
/3= E[R-Q] IlR-IlQ 
Jak + a~ Jak + a~ 
(2,41) 
In Equation (2,41), both resistance (R) and load (Q) are also normally distributed. Equation 
(2,41) can also be expressed in term of FS and COY as follow: 
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P Jcovl +covJ / FS2 
1-1/ FS (2.42) 
The reliability index and probability of failure are then related to each other using the following 
relationship: 
where <DO is the standard normal cumulative probability distribution function. It should be 
stressed that Equations (2.41) and (2.43) can only be adopted if both the resistance and load on 
the system are distinctive. Alternatively, the reliability index can be estimated from the pdf of 
normally distributed FS as follows: 
(2.44) 
where FSMLV is the most likely value of FS that is calculated using mean variables in the system, 
FS, is the factor of safety of unacceptable performance (normally taken as 1.0), and O'FS is the 
standard deviation of FS. 
Additionally, if FS is log-normally distributed, the reliability of FS and the probability 
that the estimated FS is less than a particular value, FS, (Le. P[FS :5: FS,]), is calculated using 
~LN (USACE, 1995; Sabatini et aI., 2002) as follows: 
PLN = E[ln FS] 
O'lnFS 
and 
~ln(1 + COVfs) 
P[FS:5: Fo] = 1- <DCPu;) = <l>C-Pu;) 
(2.45) 
(2.46) 
where E[ln FS] given by Equation (2.47) is the expected value, COVFS is the coefficient of 
variation for FS and 0'1. FS is the standard deviation of natural logarithm of FS (In FS). 
1 2 E[ln FS] = In FS MLV - 2."ln(1 + COY FS) -In Fo (2.47) 
Similarly, Duncan (2000) stated that ~LN for consolidation settlement is as follows: 
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(2.48) 
where SR is the ratio of possible settlement to the most likely settlement. It can be observed that 
there is a difference between Equations (2.45) and (2.48) because the failure zone for slope 
stability is to the left of pdf, while for consolidation settlement is to the right. 
In summary, it ,must be appreciated that a change in ~ can not be readily correlated to a 
change in Pf because their relationship is highly nonlinear. Additionally, the computation of ~ 
depends on the distribution of the limit state function or the performance function. Formulations 
of ~ dictated in this section requires the limit state function such as safety margin or factor of 
safety is a normal or lognormal distributed variable. When this is not the case, transformation to 
normality for the performance function is required. The subsequent sub-section discusses the 
common methods used to obtain the statistical information of performance measure necessary 
for computing ~ or Pf' 
2.9.3 Methods of computations 
.:. First order second moment (FOSM) 
The Taylor's series method is termed as first order second moment (FOSM) when only 
the first-order (linear) terms of the series are retained and the first two moments (i.e. mean and 
standard deviation) are considered (USACE, 1995). This method was pioneered by Comell 
(1969) and has gradually been extended by other researchers (Hasofer and Lind, 1974). The 
method implicitly assumes that the random variables are normally distributed. 
The Taylor's series method is advantageous as it provides explicit indication of the 
relative contribution of uncertainty of each variable to the performance measure. This method is 
exact for linear performance functions but introduces errors for non-linear performance 
functions as it neglects higher order terms. However, many published works on reliability-based 
design are based on this approach due to its simplicity. 
Christian et al. (1994) gave clear expositions of the reliability theory and concept using 
the FOSM approach and demonstrated the applicability through examples of embankment 
dams. Unfortunately, their approach and examples only illuminated the uncertainties and errors 
in the soil properties. Since they did not address other inadequacies such as the consequences of 
failure, errors in construction, assumption on type of failure and geometry simplification in their 
analyses, the calculated Pc were considered as a lower bound. 
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In order to obtain an exact solution, McGrath et al. (2002) computed the derivatives of FS 
with each random variable for the reliability analysis of a veneer cover soil stability. The 
uncertainty of the design parameters were assigned based on engineering judgment. Moreover, 
the uncertainty of the interface shear strength parameters were reduced to take into account 
spatial averaging over the failure surface, while the mobilised strength were assumed in-
between peak and residual shear strengths. Their works summarised the key concepts of FOSM, 
and the importance of achieving consensus between team members to quantify uncertainty for 
reliability-based design when such information is not available. 
Duncan (2000), Koemer and Koemer (2001), Sabatini et al. (2002), and Dixon et al. 
(2006a) used the central approximation of the partial derivatives to obtain the statistical 
moments of FS for calculating ~. Duncan (2000) analysed the failure probability of a failed 
underwater slope of the San Francisco Bay mud. The major contributors to the standard 
deviation of the factor of safety were the undrained shear strength and the buoyant weight of the 
Bay mud. Prior to failure, the slope was considered safe with FS of 1.17. Upon investigation, 
the PI was estimated to be 18%, which was unacceptably high. The FOSM was also used to 
determine the possible consolidation settlement for the San Francisco Bay mud and settlement 
of footings on sand. Similar to Christian et al. (1994), their analyses only emphasised 
uncertainty in the design parameters. However, they managed to give convincing examples 
through simple procedures on the applicability of reliability theory as an extension to the 
deterministic approach. 
Sabatini et al. (2002), and Dixon et al. (2006a) demonstrated that the usage of empirical 
interface shear su;engths (i.e. non-project-specific) yielded high Pt for landfill designs, due to 
higher scatter in the published values. Therefore, the slope designs would need to be 
conservative to account for the significant uncertainty in the selected interface shear strength 
parameters to attain the target reliability. The designs can be achieved by using larger target 
values of safety or adopting different interfaces with higher shear strength, which lead to 
uneconomical designs. 
Sabatini et al. (2002) have also provided a framework to quantitatively assess the 
potential of large-displacement shear strength mobilisation, and their effect on the calculated 
probability of failure for a waste slope. According to the framework, a progressive failure 
mechanism due to shear creep would occur if the FS calculated using large-displacement shear 
strengths (FS1d) was less than 1.0, after the computed FSp was 1.0 < FS p ::; 1.15 . The probability 
of slope failure was then computed as a summation of P( FS p ,,1) and 
P(l.O < FSp ,,1.15 )P(FS1d " I), where P(.) represented the probability of occurrence. Although 
their framework is a novel approach to evaluate the potential of slope failure, it only considered 
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shear creep (dependent solely on constant loading) for the development of large-displacement 
shear strength. It is difficult to extend the framework to consider other progressive failure 
mechanisms such as pore pressures, construction-induced and waste settlement-induced shear 
stresses because these mechanisms are more complex and influenced by many factors. 
Koemer and Koemer (2001) presented the probability of failure using FOSM approach 
for three traditional geosynthetic designs to compliment the deterministic FS value. The deSigns 
involved were as follows: 
• Geotextile support of a liner system in a piggyback landfill situation in which laboratory 
generated wide width tension data were used. 
• Geocomposite drainage behind a segmental retaining wall in which laboratory generated 
transmissivity data were used. 
• Veneer stability of a landfill final cover in which laboratory generated direct shear data 
were used. 
Their laboratory data were obtained from the Geosynthetic Accreditation Institute-Laboratory 
Accreditation Program (GAl-LAP). Since the data (mean and standard deviation values) 
consisted of inter-laboratory test results (approximately 110 ASTM and ISO geosynthetic test 
methods), high statistical variations existed. They also successfully illustrated that adopting 
non-specific project values would yield high probability of failure, which may be misleading. 
Additionally, their analyses highlighted the issue of selecting an acceptable Pf for different 
applications, which considered the consequence of failure of a particular system (Section 2.9.4) . 
• :. Point estimate method (PEM) 
Point estimate methods (PEMs) are procedures where probability distributions for 
continuous random variables are modelled by discrete "equivalent" distributions having two or 
more values (USACE, 1995). The specific values with defined probabilities (P) are determined 
such that the first few moments of the discrete distribution match that of the continuous random 
variable, with sum of P equal to 1. Example PEM computations that include many skewed 
random variables and their correlations are given by Harr (1989), He and Sallfors (1994), and 
Panchalingam and Harr (1994). In comparison to FOSM, the application of PEM for reliability-
based geotecbnical design is limited. This can be attributed to the fact that the approach requires 
a knowledge of matrix algebra, and the manipulation of matrices (e.g. transformation) becomes 
cumbersome when multiple random variables are involved. Moreover, there is difficulty in 
determining the point estimates when the distribution of random variables and the performance 
function are complicated or unknown. Nevertheless, Christian and Baecher (1999) summarised 
the concept of PEM and demonstrated the application for a simple vertical cut in a cohesive soil. 
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<. Hasofer and Lind (H-L) or first order reliability method (FORM) 
The H-L reliability index (~*) is defined as the shortest distance between the origin and 
the limit state surface in the reduced variable space. In Hasofer and Lind method (known also as 
the advanced first order second moment method, AFOSM), the limit state equation, g(xl, x2, 
... xn) = 0, is first transformed to its counterpart in the reduced variable space, in which each of 
the variables has a zero mean and a unit standard deviation. The more recent editions of the 
AFOSM techniques are known as first-order reliability method (FORM), which require an 
optimisation algorithm to determine the reliability index. The application of H-L method is 
championed by Low and his colleagues, who later reinterpreted ~* using the perspective of an 
equivalent dispersion ellipsoid centered at the mean in the original space of the random 
variables. 
Low et al. (1998) illustrated the practicality of his modified H-L approach by solving the 
limit state equation, g(X), for slope reliability problem using the optimisation routine in 
Microsoft Excel. The deterministic numerical procedures were written using Visual Basic 
Application (VBA), while the random variables, the reliability index formulation and the 
performance function were set up in spreadsheet cells, which could be optimized by Excel's 
Solver by minimizing ~ and subjecting g(X) = 0. According to Low and Tang (1997), the 
optimisation using a spreadsheet is simpler and more intuitive because it does not involve 
eigenvalues and eigenvectors, orthogonaJ transformation matrix, reduced variates or explicit 
partial derivatives. 
Low and Tang (2004) further improved and tested the robustness of their H-L approach 
for various non-normal distributions and more complicated performance functions 
(asymmetrically loaded beam on Winkler elastic medium and a complex strut). For both cases, 
the Pr based on invariant ~* from H-L approach were similar to those obtained using Monte 
Carlo simulation. However, the solutions using H-L approach required far less time than MC 
method. 
The chief advantage of FORM is that ~* does not depend in any way on the precise 
analytical form of the failure criterion (e.g. margin of safety, factor of safety) or the 
distributions of the random variables and performance measure (Christian and Baecher, 2001). 
Furthermore, at no stage of the calculation does an engineer has to specify which variables are 
loads and which are resistances. However, this method is only applicable if the performance 
function can be specified explicitly. 
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.:. Monte Carlo simulation (MCS) 
All approaches that are related to the use of random number are considered as Monte 
Carlo methods (MCMs). MCMs are based on the law of large numbers. which states that the 
approximate desired distribution is obtainable by generating a large number of samples. MCMs 
are useful for solving complicated numerical problems. especially those without closed form 
solutions such as designs associated with serviceability limit states. 
A numerical simulation using a Monte Carlo method (Monte Carlo simulation) solves the 
problem by generating suitable random numbers from known input probability distribution. 
substituting the random number into a specified performance function repetitively. and 
observing the fraction of numbers that obey a defined criteria. A plot of the results produces an 
approximation of the probability distribution and hence. the mean and standard deviation of the 
performance measure can be calculated. Descriptions of MCMs for geotechnical applications 
can be found in Baecher and Christian (2003). 
The principle behind Monte Carlo simulation (MCS) is to generate other types of 
distributions based on the uniform distribution random number (interval 0 to I). Therefore. 
random sampling using Monte Carlo technique requires a good random number generator to 
produce random numbers based on uniform pdf and an efficient sampling method. which 
transforms uniform to other types of distributed random numbers. A review of the common 
random number generators is given by Barry (1996). 
The congruential method is a common technique of pseudo-random number generation 
(Kleijnen and Groenendaal.1992). The term pseudo-random number refers to numbers which 
are considered as uniform random numbers but are in fact. generated based on mathematical 
algorithm (Barry. 1996). Equation (2.49) is an example of a linear congruential generator 
(LCG). which uses recursive arithmetic to generate a discrete. deterministic sequence of 
pseudo-random integers. 
ni+! = (ani + b) mod m i = O. 1.2. 3 •.... m-1 (2.49) 
The initial number no is known as the seed. 'a' the multiplier. 'b' the additive constant and 'm' 
the modulo. Equation (2.49) expresses the modulo operation. in which the residue is taken as 
result; for example. 7 mod 2 = I. The pseudo-random numbers (0 ~ p < I) are then computed 
using Equation (2.50). Typically, random number generator built-in into software such as 
Microsoft Excel and Matlab have specified defaults for 'a'. 'b' and 'm', while users have the 
option of selecting the seed number. Vose (1996) recommended that different seed values 
should be selected for multiple simulations using the same input random variables and the 
results averaged to ensure convergence of the model. 
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(2.50) 
The uniformly distributed random numbers are then parameterised to the distribution of 
interest using different transformation methods such as rejection methods for general sampling 
procedures, or Box and Muller (1958) for normal distribution. A summary of different 
transformation methods is given by Kleijnen and Groenendaal (1992). 
A probabilistic analysis using MCM requires thousands of runs to obtain accurate 
statistics of the performance measure. According to Rarr (1996), the number of Monte Carlo 
run (Nm,) is dependent on the desired level of confidence in the solution and the number of 
random variables being considered as follows: 
(2.51) 
where d is the standard normal deviate corresponding to a desired level of confidence, 00, which 
is expressed in decimal form, and c is the number of random variables. In order to reduce the 
number of runs, methods such as Latin Hypercube or important sampling are recommended 
(Jones et al., 2002; Baecher and Christian, 2003). 
MCMs are gaining popUlarity and have been applied successfulIy in many geotechnical 
fields. El-Ramly et al. (2005) utilised MCS to obtain a pore water pressure probability 
distribution from back-analyses, which was then used to redesign and compute the reliability of 
a failed slope. Shinoda et al. (2006) applied an improved MC method to compute the failure 
probabilities of geosynthetic-reinforced soil slopes with a relatively low number of runs. 
Chalermyanont and Benson (2004) used MCS to assess the probability of internal failure of 
mechanically stabilised earth walls and developed a set of reliability-based design charts, which 
are able to evaluate the reliability of similar structures without carrying out MCS. Using a 
random FE method (RFEM), Fenton et al. (2005) conducted MCS to study the effect of soil 
spatial behaviour on the failure mode of a retaining wall. They assessed the failure probability 
of traditional retaining wall design as a function of FS and the spatial variability of the retained 
soil. Popescu et al. (1998) demonstrated that soil spatial variability significantly affected the soil 
system response and employed MCS in order to recommend the characteristic percentile of soil 
strength that can be used in deterministic dynamic analyses. Likewise, Dixon et al. (2002) 
estimated the characteristic values of interface shear strength parameters using Equation (2.34) 
based on the probability distribution of derived strength parameters that was generated using 
MCS. Popescu et al. (2005) used MCS to investigate the 3D effects of soil heterogeneity on the 
liquefaction potential of a soil deposit subjected to seismic loading. 
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In summary. MC methods are suitable to explicitly account for uncertainty and variability 
in designs especially with the advent of high-speed computers. Additionally. many geotechnical 
software have incorporated random number generators to enable MCS to be conducted for any 
designs. Moreover. it was acknowledged by Popescu et al. (1998) that only the MCS technique. 
together with a numerical method. is able to consider uncertain material and geometric 
properties for structures (e.g. soil) that exhibit non-linearity and are spatially or temporally 
random. 
2.9.4 Existing definition of target reliability and failure probability 
To instil meaning to the calculated Pr value. it should be compared to some predetennined 
value or target probability. (Pft). The Pft values. which account for uncertainties. consequences 
and acceptable risk of failure are usually determined from a vast amount of statistical data or 
judgementally assigned. Currently. target failure probability can be assessed qualitatively or 
quantitatively as shown in Figure 2.33. 
MODERATE (e.g. temporary base liner 
slope, cover & veneer slope with buttress 
HIGH (e.g. pennanent base liner slopes) 
Figure 2.33 Definition of target reliability index or failure probability 
Table 2.4 Target reliability indices (USACE, 1995) 
Expected Performance Level 
High 
Good 
Above average 
Below average 
Poor 
Unsatisfactory 
Hazardous 
Reliability 
index, p 
5 
4 
3 
2.5 
2.0 
1.5 
1.0 
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Probability of Unsatisfactory Performance 
0.0000003 
0.00003 
0.001 
0.006 
0.023 
0.07 
0.16 
Chapter 2 - Literature review 
USACE (1995) provided qualitative a estimate of the expected performance using target 
reliability index as summarised in Table 2.4. Embankments with relatively high reliability 
indices are expected to perform their function well, while an embankment may be classified as a 
hazard if the reliability indices are very low. 
Gilbert (2001) also provided qualitative guidance on how the risk of failure was affected 
by the type of slope for slopes designed using a FS less than one with residual strengths. The 
risk of failure is acquired by multiplying the failure probability by the consequences of failure. 
Gilbert (2001) classified the risk into 3 groups: low, moderate and high as illustrated in Figure 
2.34. 
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Figure 2.34 Risk of slope failure vs. type of slope for slopes designed using FS<1.0 with 
residual strengths (Gilbert, 2001) 
For quantitative assessment, Cole (1980) suggested a rough guide for Pft values that is 
related to the degree of damage as tabulated in Table 2.5. He asserted that the probability of 
failure due to design or construction faults, Pft(design), is approximately one-tenth of the total 
failure probability, Pft(total), which is the summation of the failure probabilities from all causes. 
Table 2.5 Pn based on the degree of damage (Cole, 1980) 
>10-1 
10-' to 10-3 
10-3 to 10-5 
<10-5 
Degree of damage 
Inconvenient (cracked paving slabs, etc.) 
Minor repairs necessary 
Major repairs necessary 
Major damage and/or casualties 
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>10-' 
10-2 to 10-4 
10"4 to 10"6 
<10-6 
Chapter 2 - Literature review 
Another means of assessing ~I and hence, Ph, is by considering the risk of failure 
estimated from the actual case. However, Kulhawy and Phoon (1996) are strongly against using 
these failure rates directly for assessing the target reliability level because the theoretical 
probability of failure calculated from reliability theory could be one order of magnitude smaller 
than the actual failure rate (CIRIA, 1977, Smith, 1981). This is because the theoretical Pr do not 
take into consideration other uncertainties such as poor construction and human errors. 
Nevertheless, they do provide a useful indication of where the theoretical Pr should lie. Figure 
2.35 is an example of empirical rates of failure for civil engineering facilities and the related 
costs of failure. The horizontal axis shows both monetary value (in millions of dollars) and the 
number of lives lost. The two items are considered as separate components as lives cannot be 
tradeoff in dollars. The Pr and associated consequence of failure for landfills can be plotted in 
Figure 2.35 by collecting and interpreting data from existing failures. Unfortunately, there is a 
general reluctance among the engineering profession to be outspoken about failures because of 
possible litigation. 
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Figure 2.35 Empirical rates of failure for Civil Engineering Facilities (Baecher, 1987) 
A practical approach of selecting a target probability of failure for design is to calculate 
the theoretical probabilities of failure implicit in the existing designs and to use these values as a 
basis for selecting an appropriate value of Pft (phoon et al., 1995). Phoon et al. (1995) 
summarises the calibration of Pft for this approach as follows: 
• Select a set of representative design problems (e.g. landfill design). 
• Determine an acceptable solution to each problem based on existing methodology. 
• Evaluate the probability of failure for each design solution generated by Step (2) using a 
common reliability calculation scheme and a common set of probability models. 
• Based on the range of Pft determined by Step (3), select an appropriate value for Ph' 
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Although this approach is empirical, it inherits the advantage of relating the Pft with the 
existing experience base. An example is the reliability indices for ultimate limit state implicit in 
the existing global FS designs of drilled shafts in undrained uplift lie in the range of 2.6 to 3.7 
(Kulhawy and Phoon, 1996). Therefore, Phoon et al. (1995) adopted the average target 
reliability index of 3.2 in deriving the undrained ultimate uplift resistance factors for drilled 
shafts. Details of the geotechnical calibration process are given by Phoon et al. (1995). 
Similarly, the reliability level implicit in existing landfill designs of a certain geometry can be 
plotted to perceive the range of target reliability indices. However, the approach requires access 
to current landfill designs from many consultancy companies, which can be difficult since such 
information may not be disclosed under contract. Additionally, the reliability studies must also 
be conducted for other parametric variations and loading modes under different conditions (e.g. 
drained, undrained, progressive failure mechanism) to support the use of the defined target ~. 
Koemer and Koemer (2001) suggested using different Pft values for different applications 
with emphasis on the failure consequence of the particular application. However, their initial 
stated values were later modified to Table 2.6 (Koemer, 2002) because they were considered 
stringent for preliminary considerations. Koemer (2002) also defined 'low' consequences of 
failure corresponding to remediation cost of less than or equal to USD 100000, and 'typical' 
corresponding to less than or equal to USDIOOOOOO. Meanwhile, 'serious" consequences of 
failure refers to remediation costs greater than USD1000000 or/and involving loss of life. They 
recommended that a final agreement on Pft should be achieved between regulators, owners, 
designers and the entire geosynthetics community. 
Table 2.6 Preliminary considerations for maximum Pr values for various geosynthetic design 
situations (Koemer, 2002) 
Function of 
geosynthetics 
Separation . 
Reinforcement 
Filtration 
Drainage 
Barrier 
Low 
7.0% 
3.0% 
5.0% 
5.0% 
3.0% 
Consequence of failure 
Typical 
1.5% 
0.5% 
1.0% 
1.0% 
0.5% 
Serious 
0.5% 
0.1% 
0.3% 
0.3% 
0.1% 
Duncan (2000) and Gilbert (2001) asserted that 'one size fits all' FS for long-term slope 
stability or bearing capacity applications would certainly result in inappropriate FS for some 
cases. Therefore, they proposed that the acceptable Pr and hence the appropriate FS, should be 
chosen such that the following relationship is satisfied: 
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(
Acceptable P f J 
associated with more 
reliable design in x 
Lifetime (
Cost 1 (Added cost Of] 
of < more reliable 
failure design 
(2.52) 
Smaller FS are justified when the product of probability and cost of failure is low and vice-
versa. A conservative quantitative guidance for Equation (2.52) is given in Table 2.7. According 
to Gilbert (2001), an acceptable Pr associated with a risk of slope failure of USDJOOO would 
generally be a manageably small risk to accept. However, such an approach is not practical 
when human lives are involved. 
D'Hollander (2002) formulated Pft in Table 2.8 based on an annual risk basis that account 
for the differences in design Iifespan of many structures. The table was constructed using 
available failure data with the assumption that the lifespan of the structure tends to increase with 
the level of importance. Consequently, permanent and important structures are more robust and 
have greater redundancy design elements to weather adversity or delay failure sufficiently to 
reduce the effect of ultimate consequences. Furthermore, D'Hollander (2002) correlated the 
acceptable armual failure rate for low failure costs to be in the regime of 0.01 to 0.001. For 
higher costs of failure, he conjectured that the armual failure probability rate is equal to or less 
than 0.001. However, engineering judgment is still required when utilising Table 2.8 in 
interpreting the degree of system redundancy and consequence of failure. 
Table 2.7 Rule-of-thumb guidance on acceptable probability of failure (Gilbert, 2001) 
Cost of failure 
USDIOOOO 
USDIOOOOO 
USDl 000000 
USDIO 000 000 
USDlOO 000 000 
Acceptable probability of failure 
0.1 
0.01 
0.001 
0.0001 
0.00001 
Table 2.8 Suggested maximum annual probabilities of unsatisfactory performance for 
individual geosynthetic elements (D'Hollander, 2002) 
Degree of system 
redundancy 
HIGH 
MEDIUM 
LOW 
LOW 
0.01 
0.005 
0.001 
Consequences of fail ure 
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MEDIUM 
0.001 
0.0005 
0.0001 
mGH 
0.0001 
0.00005 
0.00001 
Chapter 2 - Literature review 
Christian et al. (1994) and Sabatini et al. (2002) adopted typical lifetime Pt of less than 
lxlO-4 for embankment dams and landfill. One can argue that this target value of Pt for 
landfill design is too conservative as the consequences of landfill failure (without destructing 
liner barrier) is less abominable than the failure of an embankment dam. 
To summarise, the existing target reliability indices or acceptable failure probabilities 
given in Table 2.4 (USACE, 1995), Table 2.6 (Koemer, 2002) and Table 2.8 (D'Hollander, 
2002) address only a single performance function (e.g., bearing capacity) and not the whole 
system or structures. Conversely, Table 2.5 (Cole, 1980) and Table 2.7 (Gilbert, 2001) express 
the acceptable failure probability for the entire structure. Therefore, the Pft values obtained or 
derived from these tables should be adopted with caution and based on a thorough 
understanding. The approach based on reliability of existing structures suggested by Phoon et 
al. (1995) seems to be a reasonable method to evaluate the target reliability index or the 
acceptable probability of failure. 
2.10 Chapter Summary 
The essential design elements and requirements to carry out deterministic and 
probabilistic landfill engineering designs are presented. In addition, the factors that contribute to 
uncertainty and variability for these design element (e.g. waste, interface, geosynthetics) are 
identified and ranges of values reported in published work are summarised. Various techniques 
used to obtain information, which include subjective judgement are discussed. Moreover, types 
of uncertainty associated with a design are examined so that techniques can be envisaged to 
reduce them and hence, increase the confidence in design. The advantages and drawbacks of 
various reliability schemes are also highlighted. In conclusion, landfill engineering design 
requires a probabilistic approach due to high uncertainty and variability associated with the 
input parameters. Monte Carlo simulation are found to be a versatile approach to measure the 
reliability of landfill stability and integrity designs for this study. 
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Chapter 3 
METHODOLOGY 
3.0 Introduction 
The purpose of this chapter is to describe procedures to enhance current deterministic 
design practice for stability and integrity of landfills by taking into account uncertainty and 
variability of design elements. A reliability-based design is such an approach, which entails a 
combination of statistical and probabilistic methods. Statistical method is adopted to 
characterise uncertainty and variability, while the probabilistic technique is used to generate 
probable values or scenarios. Figure 3.1 outlines the research methodology adopted in this 
study, commencing with data acquisition and ending with recommendations for reliability-based 
design based on a probabilistic approach for stability of veneer cover soil systems, and integrity 
of landfill basa1lining systems. 
Available information to quantify uncertainty and variability of design parameters in 
terms of statistical moments (e.g. expected value and standard deviation) are identified from 
three primary sources of information. These sources include data in literature reviews, 
additional results from laboratory testing, and subjective opinion of experts from an elicitation 
process. Then, statistical moments are utilised to select suitable probability density functions for 
the design parameters, while sampling values are generated based on these assigned probability 
distributions using the MOnte Carlo approach. Reliability assessment of the veneer cover soil 
stability, and integrity of a landfilllining system due to waste settlement, are conducted multiple 
times using these sampling values. In such analyses, the variability occurring in design 
parameters such as interface shear strengths and the tensile strengths of geosynthetics are 
studied. Parametric analyses are also carried out to investigate the effect of other random 
variables such as geometry of the slope, properties of waste and cover soil, and filling sequences 
to the stability and integrity of the lining system. Based on these analyses, recommendations to 
account for uncertainty and variability in landfill engineering designs are proposed for use in 
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detenninistic stability and integrity design of landfill, which will predict a response equivalent 
to that provided by Monte Carlo simulation or in accordance with Eurocode 7 (2004) , which 
states that no more than 5% probability of adverse conditions should occur. 
Data Acquisition 
Generation of sampling 
value 
Limit equilibrium and 
numerical analysis using 
FLAC 
Reliability-based design for 
stability and integrity of 
lining system 
_ u:--+I Literature studies 
i- -~ Repeatability testing program 
L --~ Expert elicitation 
u_n_~ Probabilistic approach 
nuu~ Monte Carlo simulations 
Figure 3.1 Research methodology outline 
3.1 Basic Requirements for Probabilistic Approach 
The methodology in this chapter is mainly designed to achieve the requirements to 
conduct a probabilistic landfill engineering design. Figure 3.2 illustrates 2 additional basic 
requirements for probabilistic approach, which include the following: 
• Quantifying statistical moments as well as probability distributions of design parameters 
taken as random variables; and 
• Establishing additional perfonnance criteria. 
After identifying significant parameters for a performance function through sensitivity analysis, 
these parameters, which inherit uncertainty and variability, are taken as random variables in 
probabilistic design. Their uncertainties are reflected in probability distributions, which can be 
defined by their statistical moments such as mean or standard deviation (stdev). The probability 
distribution states all possible values and their probability of occurrence. Similar to 
detenninistic design, a probabilistic design also requires a target performance measure such as 
reliability index (~) or probability of failure (P,) for acceptability. In short, subsequent sections 
entail considerations and procedures, which extend the requirements in detenninistic design to 
the probabilistic approach, for veneer cover soil stability and integrity of landfill lining systems 
due to waste settlement during construction. 
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D~.'tt·rmjf.ljstk requirements Probabilistic requirements 
... 
Input: 
Capacity-demand model Probability distribution, 
(perfOrmlll1Ce function) r.- statistical moments of 
design parameters 
Performance measures e.g,. r.- Additional performance FS measure e.g., J3 and P, 
Output: 
W 
Acceptance criteria e,g. r.-
Additional acceptance 
target FS criteria e.g. target p and Pt 
Evaluation: 
Figure 3.2 Basic requirements for a probabilistic approach in landfill engineering design 
3.2 Interface Shear Strength Databases 
Interface shear strengths and derived strength parameters are primary design parameters 
for engineering landfill design. They are taken as random variables in probabilistic design 
because the quantity can not be determined accurately due to natural variations of materials, 
measurement and procedural errors, statistical error and model uncertainty. Preliminary 
statistical information regarding the variability of interface shear strengths are evaluated using 
combined data points from Fowmes (2004) and Koemer and Narejo (2005) databases. 
Information on these databases are categorised into generic interfaces. Since both the databases 
consist of information compiled from literature, data points are cross-checked to eliminate 
duplication. In this study, only three generic interfaces are investigated, namely, HDPE textured 
geomembrane versus fine-grained soil (TGM-fines), HDPE textured geomembrane versus non-
woven needle-punched geotextile (TGM-NWGT) and gravel or coarse-grained soil versus non-
woven needle-punched geotextile (NWGT-coarse). 
The combined database is further divided into global, and inter-laboratory datasets. 
Global datasets, denoted as 'global', are interface shear strengths compiled from extensive 
literature reviews, and internal databases, while inter-laboratory datasets, denoted as 'interlab', 
are results of comparison test programmes carried out at Loughborough University and Hanover 
University, as well as information from the 1997 European (Gourc and Lalarokotoson, 1997) 
and 1995/1996 German (Blumel and Stoewahse, 1998) inter-comparison test programmes. The 
'interlab' datasets are available for TGM-fines and TGM-NWGT interfaces. Additionally, 
Criley and Saint John (1997)'s repeatability direct shear testing for a TGM-fines interface are 
also utilised to compare the variability of their results to those in this study. Their interface 
shear strength information are denoted as 'Criley'. 
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Global datasets present maximum possible known uncertainty of the interface shear 
strengths ('t) corresponding to a normal stress (cr.) that can occur for a generic interface. 
Meanwhile. the inter-laboratory dataset inherit uncertainty arises from operator. procedural. 
equipment and material variability. To cater for the scatter and scarceness of data points at some 
normal stresses in the global and interlab datasets. the interface shear strengths are grouped 
according to the applied normal stress ± 10%. Interface shear strength parameters. namely the 
interface friction angle (0) and apparent adhesion (a) are evaluated based on Coulomb failure 
envelopes defined as follows; 
(3.1) 
Subsequently. variability and uncertainty of 't within each normal stress range are examined. 
and a probability distribution is fitted to each group of't. Finally. distributions of interface shear 
strength parameters are obtained from fitted linear regression of randomly generated 'to based on 
Monte Carlo simulation as illustrated in Figure 3.3. Detailed procedures to fit data points to a 
probability distribution and to generate shear strength parameters are described in Section 3.4. 
';' 
6 
~ 
" lil 
to 
" 
'" ~ 
" a 
-
" 
" -am 
ai 
Mean Coulomb failure 
envelope 
One example of probable 
Coulomb failure envelope 
ani O"n2 an) 
Normal stress (kPa) 
Figure 3.3 Monte Carlo simulation to obtain interface shear strength parameters 
3.3 Repeatability Testing Programme 
A repeatability testing programme is designed to investigate the minimum variability that 
can be expected by using a single operator. single apparatus and materials from one source. 
Figure 3.4 illustrates three typical interfaces considered in this study. which are TGM-fines. 
TGM-NWGT and NWGT-coarse. A total of 116 direct interface shear strength tests are carried 
out in submerged conditions for TGM-NWGT and NWGT-coarse interfaces at applied normal 
stresses of II kPa. 51 kPa. 101 kPa and 201 kPa. with typically 14 to 15 tests per normal stress. 
At similar normal stress levels. a total of 58 direct interface shear strength tests are carried out 
in a dry condition for the TGM-fines interface. Interface shear strengths and derived strength 
, 
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parameters from this testing programme are denoted 'repeatability' dataset. Together with 
global, interlab and Criley datasets, the repeatability testing results are presented and discussed 
in Chapter 4. 
Figure 3.4 Typical interfaces in the lining system 
3.3.1 Materials and direct shear apparatus 
The materials used for the repeatability testing programme consist of fine-grained soil, 
gravel characterised as coarse-grained soil, non-woven needle-punched geotextile (NWGT) and 
HDPE textured geomembrane (TGM). The fine-grained soil employed for the TGM-fines 
interface direct shear tests is Mercia Mudstone, which is classified as CL according to USCS. 
The Atterberg limits and standard Proctor compaction test results are given in Appendices A 
and B, respectively. The optimum moisture content (OMC) for Mercia Mudstone was found to 
be 14.8%. Swan (2004) stated that interface shear strength involving clay is one of the most 
variable because it is sensitive to changes in moisture content. Furthermore, the very nature of 
remolded clay is variable and often governed by the stress history of the clay or degree of 
compaction. Therefore, to ensure uniform moisture content in each sample, the clay is mixed 
thoroughly in a mixer, and cured overnight at a water content of approximately 19-21 %, which 
corresponds to about 95% compaction achieved on the wet side. Meanwhile, the coarse-grained 
soil utilised for testing is 20 mm angular drystone aggregate (porphyritic andesite) obtained 
from Bardon Hill Quarry, Leicestershire, UK. The physical properties of the gravel are given in 
Appendix C. For geosynthetics, NWGT has a mass per unit area of approximately 1000 g/m2 
and an average thickness of about 7.96 mm under 2 kPa loading. The HDPE geomembrane is 
texturedly impinged with a thickness of 2 mm. Unlike NWGT which is in a virgin condition, 
TGM in this study is obtained from a landfill under construction and subjected to some minor 
scratches. Throughout testing, the surface of geosynthetics specimens is sheared only once. 
A schematic diagram of direct shear box assembly is shown in Figure 3.5. The direct 
shear apparatus has a longer movable lower shear box with dimensions of 305 mm x 400 mm, 
which produces a constant shearing area of 305 mm x 305 mm. During shearing, the upper 
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shear box is completely fixed. and the maximum shear displacement for the apparatus is 100 
mm. 
Applied normal load 
-Dead weight or pneumatic" r--Le"a plale 
GS Fixation -ff~~~X-
Figure 3.5 Direct shear apparatus 
3.3.2 Direct shear testing procedures 
Soli speclmenf 
Superstrate 
Gap distance 
Spacer plates 
The interface direct shear tests are conducted in a laboratory with room temperature of 
20°C ± 2°C. The normal loads are applied either using low normal stress system (normal stress 
<50kPa) or air bag method (normal stress >50kPa) illustrated in Figure 3.6. The materials 
fixation to the lower and upper shear boxes are stated in Table 3.1. Geosynthetic samples are 
orientated with the roll direction parallel to the direction of shearing. 
The lower shear box is in-filled with an incompressible nylon block and a block of hard 
wood with either coarse sandpapers (for TGM-NWGT and TGM-fines interface shear tests) or 
steel surform blades (for NWGT-coarse interface shear tests), glued or nailed onto its surface. 
This high-friction block is placed in the lower box, beneath the clamped geosynthetic to ensure 
no stretching will occur. The lower sample is clamped to the leading edge of the lower box. 
Once the upper sample is in placed, the upper shear box is lowered onto the bottom shear box. 
For TGM-NWGT interface shear tests, a thin plastic sheet is used as a separator to ensure that 
there is minimum relative movement (e.g. rubbing against each other, creasing, folding) 
between the samples during setup of the boxes. The plastic sheet is removed after the samples 
are in position. 
Table 3.1 Positioning of testing materials in direct shear boxes 
Interface 
TGM-fines 
TGM-NWGT 
NWGT-coarse 
Lower sample 
TGM 
TGM 
NWGT 
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Ca) 
Figure 3.6 Interface direct shear setup using Ca) low normal stress system, and Cb) air bag 
method 
The upper shear box is adjusted so that the gap between the shear boxes are maintained 
between I to 2 mm throughout testing. All tests except for TGM -fines interface are carried out 
with the top shear box filled with a standard amount of gravel to a thickness of 75mrn. For 
NWGT-coarse interface, gravel is laid inside the upper shear box in 2 layers. For the TGM-fines 
interface, the clay is compacted in 2 layers up to a thickness of 30 mm, with a density of about 
1.75 Mglm3 or at 95% compaction on the wet side. During clay compaction, the upper shear box 
is placed on a sheet of smooth HDPE geomembrane on a firm concrete floor. The side wall 
adhesion offered sufficient resistance for the dense compacted specimen to be transferred and 
mounted together with the upper shear box into the shear apparatus without affecting the 
required density. Because of this high side wall adhesiol4 contact between the compacted clay 
and side wall is loosened using a spatula before applying the normal stress of 10 kPa. 
Once the loading system is placed on the top box and all fastening are tightened, tap 
water is added to a level of 2 mm from the top of the tank. Normal stress is applied and 
observed for about 5 minutes before shearing to ensure constant pressure, while the shearing 
rate is set to 1 mm1min. During shearing, normal stress is checked at regular intervals and 
corrected if necessary. The samples are also inspected at regular intervals for signs of stretching 
and a note made if observed. The shearing is continued until a constant shear force is achieved 
or until 100mm displacement. Measurements of shear stresses and shear displacements are 
recorded at a minimum frequency of every 0.5mm of displacement. On completion of shearing, 
the water level is lowered before releasing the normal stress. Geosynthetic specimens are then 
removed, examined and siored properly for shearing on the opposite side of the surface. The 
moisture contents of clay specimens, before and after every tests are taken to ensure consistency 
throughout testing. The moisture contents of the clay samples after each test are taken at the 
sheared surface. 
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3.4 Selecting pdf and Evaluating Performance Function 
To conduct a reliability design using a probabilistic approach such as Monte Carlo 
simulation, each design parameter is assigned a probability distribution (pdf). Therefore, the 
next step is to fit a probability distribution that best-describes the available information 
collected from the literature review, laboratory testing or expert elicitation. 
For this task, BestFit 4.5 and @RISK 4.5 from Palisade DecisionTools Suite 4.5 are used 
to find a best-fit or suitable distribution for the data, and subsequently, generate sample values 
according to the postulated distribution using Monte Carlo simulations, which finally will yield 
a probability distribution for secondary parameters or performance measure such as interface 
shear strength parameters, interface stiffness, or factor of safety. BestFit, as the name suggests, 
is a data fitting tool which evaluates and ranks distribution types that best describe the available 
information. It utilises three advanced fitting algorithms to optimise its fits, namely, Chi-Square, 
Anderson-Darling and Kolmogorov-Smimov. BestFit also can generate sampling values based 
on the assigned probability distribution function (pdf). Meanwhile, @RISK is an add-in to 
Microsoft Excel, which uses Monte Carlo simulation to demonstrate many possible outcomes in 
an Excel spreadsheet, by replacing randomly generated design parameter values to the 
performance function (e.g. veneer cover soil stability formulations) and recalculating hundreds 
to thousands of times. Each recalculation depicts a possible combination of uncertain values or a 
scenario that can occur. At the end of a simulation, @RISK records the range of possible 
outcomes and the probabilities of occurrence and subsequently, probability of failure based on 
certain criteria can be calculated. However, one major drawback of @RISK 4.5 is that it will 
only carry out Monte Carlo simulations if the performance function can be defined in a 
spreadsheet. Thus, a probabilistic approach for landfill veneer cover soil sliding stability is 
carried out in a spreadsheet and assisted by @RISK, while landfill integrity which investigates 
displacement in the lining system and strain in geosynthetics, are conducted using a finite 
difference numerical software. Nevertheless, significant design parameters for each numerical 
simulation is obtained from values generated based on their assigned probability distribution 
using BestFit. 
Section 3.4.1 outlines the procedures to fit available data points to a candidate probability 
distribution or density function (pdf) and sampling values based on the assigned pdf for Monte 
Carlo simulations. In engineering, especially when dealing with reliability design, most random 
variables are ubiquitously assumed to be normally distributed. Consequently, it is determined in 
this study whether the normal distribution fits each group of interface shear strengths at 
corresponding normal stresses, and the derived parameters such as interface shear strength 
parameters, stiffness or factor of safety. Basic techniques for plotting and testing normality 
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hypothesis are based on the approach detailed by D' Agostino and Stephen (1986). The 
procedures include the use of graphical fitting such as histogram and probability plots, 
computing central moments of the datasets to identify normality, and comparing the goodness-
of-fit statistics at 95% confidence level. 
Section 3.4.2 details procedures to derive interface shear strength parameters, and 
interface stiffness for numerical analysis based on Monte Carlo simulation with the assistance of 
@RISK . The procedures are then extended to running series of realisations to investigate the 
effect of uncertain input parameters to performance measures such as factor of safety. At the 
end of the designed simulations (i.e. a simulation involves multiple realisations), reliability-
based design is proposed for veneer cover soil sliding stability. Additionally, the process to 
generate random sampling values for inputs to numerical simulations is also described. 
3.4.1 Finding and fitting a probability distribution 
.:. Collect and review data 
-In reviewing the quality of data, it is incumbent for the analyst to assess the suitability of 
the data prior to undertaking a statistical analysis for the purposes of distribution fitting. The 
data are checked for representativeness, precision, and anomalies . 
.:. Fitting data/output to an empirical distribution 
Since most statistical inference procedures require the assumption of normality of the 
data, the main objective is to determine whether a normal distribution is an acceptable fit for the 
observed interface shear strength data sets. Figure 3.7 outlines the steps to assign a probability 
density or distribution function to a number of data points. 
The first step to determine whether sample or observed data conforms to a hypothesized 
distribution is through a graphical approach based on a subjective visual examination of the 
data. Due to a relatively higher number of data points in the global dataset, plots of histogram 
can be used to compare the pattern of data to a normal distribution. A histogram is an empirical 
form of the probability density function (pelf) expressing the frequency of occurrence 
corresponding to a given interval. Overlying a histogram plot with a density function of the 
parametric model gives a visual comparison of the suitability and the discrepancies between the 
general shape of the data and the fitted distribution. The same scale and number of histogram 
. bars are applied for all plots if a direct comparison of several candidate distributions are fitted to 
the same datasets. Some guidance on the number of bars (k) for a histogram with n data points 
includes the following: 
• Scott's Normal approximation: 
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• Iman and Conover (1983): k <:: In(n)/O.69 
• Venables and Ripley (J 997): k <:: 3.3Iogw(n)+ I 
However, different bar sizes and numbers are investigated until a robust indication of PDF 
shape is obtained. 
y YES 
T I. Compare central mo",ents1 
Find best fit distribution 
i------parameterSl • 
i ~O_"p:...t.:..irn'-is--'e-'fi"-tt"-il1_;;;9,,...·~..;..g--'·.=P-'lo"'t C",'D;...E:....',.··-,<' 
I 
i NO .• A~pia;'le 
distribution?" -, 
Adjust distribution tails to 
.'accommodate subjective 
a'nd m'ax ' 
Distribution selected for 
"iiTlu latio n/reliability'a ri alysis_ 
Probability plots ..•. 
Figure 3.7 Steps to assigned a probability distribution function to available data points 
However, plotting a histogram using the data from interlab, repeatability and Criley, with 
their relatively small sample sizes, will not display the true distribution, Alternatively, 
probability plots are drawn to judge visually the correctness of a specific hypothesised 
distribution by arbitrating the data plots to a straight line. A probability plot is a graphical 
method for estimating if the hypothesized distribution, F(.), is the true underlying distribution 
by visual inspection of a set of points deviation from a straight line. The y-vertical scale of an 
empirical cumulative distribution function plot (cdf) is transformed to a scale which will 
produce exactly a straight line if the hypothesized distribution is plotted on the graph, The 
straight line is fitted to the data points using unweighted least squares (simple linear regression) 
technique, and the quality of the straight -line fit is measured using coefficient of determination 
(R') as follows: 
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t(Yi - 9;)2 
R2 = 1 .!:i-;!..I __ _ (3.2) 
t(Yi -yd 
i=:l 
where Yi' Yi and Yi are the measured, the estimated using regression model, and the average 
observations, respectively. For example, R2 of 0.9 implies that 90% of the variability in y is 
accounted for by the regression model. 
The y-vertical axis of a probability plot. G"[F(x)], is the inverse transformation of the 
empirical cumulative distribution, which transforms F(x) into the corresponding standardised 
value, z as follows: 
(3.3) 
where )l and (j is the mean and standard deviation of the random variable, X. The x-horizontal 
axis of probability plot represents the observed values x of the random variable, X. Based on 
Equation (3.3), (j and )l can be estimated from the slope and intercept of a normal probability 
plot. 
The quantile. of F(x) can be estimated using any choice of plotting position, Ph 
recommended by D' Agostino (1986a), Michael and Schucany (1986), Bury (1999) or Mishra 
(2002). The general equation of plotting positions (p;) is given by Equation (3.4), where c is a 
constant satisfying 0 5 c 51 , i is the rank of the data that is sorted from smallest to largest, and 
N is the total number of observations. The median plotting position (Le., c = 0.3) in Equation 
(3.5) suggested by Bury (1999) is adopted in this study because it closely approximates medians 
of uniform order statistics. Because of the unique median invariance property, that if Pi is the 
median of the ith order statistic from the uniform distribution, then G"(p;) is the median of 
standardised variable Z(i), and F' [Pi] is the median of XCi), for any continuous distribution 
function, F(.) (Michael and Schucany, 1986). For a normality plot, <1>-1 (Pi) is plotted against 
interface shear strength, 't, where <1>-'(.) is the inverse standard normal cumulative distribution 
function that can be calculated with the Excel function 'NORMSINV'. Other formulations of 
G"[F(x)] for selected families of distributions are given in Appendix D. 
i-c 
Pi =-'--':"""-
N-2c+1 
i-O 3 F(x) ~ Pi ~ . for i=l, 2, ... N 
N +0.4 
(3.4) 
(35) 
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The ties in the data, which refer to similar values in two or more independent 
observations, will deviate the data points from the straight line. Therefore, R' can never be 
exactly equal to 1 since the linear regression model cannot consider the variability related to 
'pure' error. The simplest procedure for probability plotting is to average the z values (Le. G' 
1 [F(x)]) of the observations in the ties (D' Agostino, 1986a) . 
• :. Identifying outliers 
The next step of distribution fitting is to identify the outliers in the datasets, which 
influence computations of the central moments such as the mean, standard deviation, skewness 
and kurtosis. An outlier is an extreme observation or 'bad' value which usually results from 
faulty measurement or analysis, incorrect recording of data, or failure of a measuring device. 
These observation should then be corrected, replaced or excluded from the data set. 
Montgomery et al. (2001) indicated that a value that lies three or four standard deviations from 
the mean is a potential outlier. For interface shear strengths, Geosynthetic Accreditation 
Institute's-Laboratory Accreditation Program or GAl-LAP (Koerner and Narejo, 2005) re-
evaluate any data points that lies two standard deviation from the group mean. They suggested 
. that values which lie outside the plausible range (e.g. ± 2cr) are due to inaccurate testing device 
and/or testing procedure. Similarly, any interface shear strengths that lie outside the ± 2 
standard deviations (stdev), cr, from the mean value, Il> in this study are considered as outliers 
and discarded in the fitting process . 
• :. Comparing central moments 
Once the outliers are identified, central moments such as skewness and kurtosis for each 
group in the datasets are calculated and compared to that for a normal distribution. For a 
distribution, skewness measures the asymmetry while kurtosis measures the peakedness. The 
skewness and kurtosis for a normal distribution are zero and 3, respectively. The deviations 
from normality can be determined by the standard third (Le., skewness) and fourth (Le., 
kurtosis) central moments of normal distributions. D'Agostino (1986b) provided a number of 
tests to investigate departures from normality using these central moments. One of these 
methods includes comparing the computed skewness and kurtosis of the datasets to the critical 
value at a particular significant level. In this study, the critical skewness values are taken for 
two-tailed tests at 5% significant level. The hypothesis of normality is rejected if the computed 
skewness and kurtosis for the datasets are greater than the critical values. A comprehensive 
summary of critical values for different significance levels and sample sizes can be found in 
D' Agostino (1986b). 
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.:. Goodness-of-fit statistical tests 
Goodness-of-fit (g-o-t) tests, complement the informal graphical techniques such as 
probability plotting. For the purpose of this study, Anderson-DarIing A2 test is adopted based on 
recommendations by D'Agostino (1986b) and Bury (1999). One main reason for choosing A2 is 
that it is more powerful than the other competing g-o-f tests in detecting discrepancies in the 
distribution tails. Additionally, this test is valid for samples of size n;::: 8 (D'Agostino, J986b). 
In brief, Anderson-Darling A 2 test measures departures between the cumulative distribution 
function of the normal distribution stated in Equation (3.6) to the empirical distribution function 
of the sample given in Equation (3.5). The normality hypothesis is rejected if the computed 
Anderson-Darling A2 test statistics for the sample exceed the critical values at a certain 
significant level. A thorough explanation of the method can be found in D' Agostino and 
Stephens (1986). 
(
X - /1) ZJ 1 -21 [(x-,Ll)! 0']" 
c'\'l Z"'-- '" r;;-: e d.x 
U v27rU 
-
(3.6) 
A significance level of 0.05 is used in this study, which indicates a confidence level of 
95% that the postulated distribution function could represent the distribution of the samples. 
Adopting a smaller significant level implies a greater allowance of discrepancy between the 
empirical distribution and the sample distribution. The g-o-f statistics only indicate that the 
estimated distribution using sample data are within the confidence intervals of the postulated 
distribution (e.g., normal distribution) . 
• :. Estimating distribution parameters 
The parameters of a probability distribution characterise the location and shape of a 
postulated distribution in relation to the observed data. In @RISK and BestFit, these parameters 
are estimated using the maximum likelihood method. The maximum likelihood estimators 
(MLE) of a distribution are the values of its parameters that produce the maximum joint 
probability density for the observed data (Vose, 1996). In other words, a distribution parameter 
(p) is evaluated by maximising the partial derivative of likelihood function, L(p) or In L(p), 
which is given in most statistical distribution textbooks, with respect to p as follows: 
(JL(p) '" 0 or a[In L(p) 1 
(Jp ap o (3.7) 
Solving Equation (3.7) for the two normal distribution parameters of 1.1. and cr, results in 
arithmetic average and standard deviation of the datasets. 
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3.4.2 Generating sampling values and performance function 
Once a distribution type is assigned to the interface shear strengths, derived parameters 
such as interface shear friction angle (0) and apparent adhesion (a) are obtained by using a 
Monte Carlo sampling technique. The steps to generate interface shear strength parameters 
using Coulomb failure envelopes are summarised in Figure 3.8. The subscripts 'p' and 'LD' 
accompanying the strengths and derived parameters indicate peak and large displacement 
interfaee shear strength values, respectively. For low normal stress applications (e.g., veneer 
stability assessment) denoted as LOW, the failure envelopes are best-fitted using interface shear 
strength groups corresponding to applied normal stresses of less or equal to 50kPa± 10%. 
Failure envelopes for high normal stress applications (e.g., landfill stability for post-waste 
placement), denoted as HIGH, are fitted using interface shear strength groups corresponding to 
applied normal stresses equal to or greater than 50kPa ± 10% but not greater than 
200kPa± 10%. The Coulomb failure envelopes are assumed linear for all three interfaces since 
the range of applied normal stresses to evaluate 0 and a are relatively small. 
To generate failure envelopes using a Monte Carlo sampling technique with @RISK, sets 
of two or more strengths are selected randomly (i.e., one from each normal stress, crn) and a 
best-fit straight line defining the Coulomb failure envelope is drawn using the least square linear 
regression technique. The intercept of the straight line at zero an represents a, while the slope of 
the line describes O. The sampling is iterated for 10,000 times to obtain the shape of probability 
distribution curves for interface shear strength parameters. The entire process is repeated three 
times with different seed numbers and the computed interface shear strength parameters at each 
iteration for the three simulations are averaged to obtain results that are close to the true mean 
value. 
Using procedures outlined in Figure 3.7, the derived 0 and a are checked for normality in 
Chapter 4. The selected probability distribution types for 0 and a are later utilised in Chapter 6 
for veneer cover soil stability computation in Excel spreadsheet with @RISK based on Monte 
Carlo simulation to calculate the range possible factors of safety and probability of failure 
corresponding to different level of uncertainty of interface shear strength. Additionally, 
sampling values are generated based on these postulated distributions for numerical landfill 
analyses in Chapter 7. However, before embarking on probabilistic analysis, insufficient 
information such as waste properties and construction tolerances are estimated based on 
subjective judgment. 
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Divide interface shear strengths (Le. 'P' 'LD) into groups based on applied cr. 
'" Fit and assign a probability distribution to each group using available data points within the cr. range 
" Truncate the tails of fitted distribution at maximum and minimum values of each group Le., within 2 
standard deviations 
" Classify LOW or HIGH cr. groups so that only shear strength groups within each classification are 
sampled for purpose of different cr. application (e.g. veneer, basal) 
" Determine the degree (Le. linear, exponential, hyperbolic) of performance functions (e.g. shear 
strength parameters) 
v 
Defme perfomance functions: 
Linear: 8 ~ tan"(slope of Coulomb failure envelope) 
a ~ intercept of Coulomb failure envelope 
.. 
Run Monte Carlo simulations until 1.0-1.5% convergence: Shear strengths are sampled at each group 
and best-fit lines are drawn to establish the slope and intercept 
Obtain probability distributions and statistical moments (e.g. standard deviation and expected values) 
of performance functions 
.. v. 
Filter out unreasonable simulated results (e.g, negative values for 8, and tan 8) to reduce variation 
_v. 
Refit probability distribution to the filtered simulated results of shear strength parameters 
v 
Obtain new statistical moments and probability distribution for shear strength parameters 
Figure 3.8 Steps to generate interface shear strength parameters 
3.5 Expert Elicitation 
Due to scarcity of data and the complexity of landfill systems, prior information 
consisting of empirical information originated either from compiled database of previous similar 
projects, or subjective approximations from experts is often adopted for design. This section 
explores alternative methods for gathering information based on subjective judgment when the 
required data for reliability or probabilistic design is insufficient. Subjective assessment 
including expert judgment, measures the degree of belief of an expert in the particular field 
regarding outcomes of possible observations, which is consistent with the available information 
(e.g. experience, understanding). It reflects the opinions of individuals or of groups, consistent 
with their background, understanding and experience regarding the topic. The purpose of this 
chapter is to elicit prior information about the uncertainty and distribution in the waste 
properties, operating conditions and tolerances of construction from a panel of experts. There is 
currently a scarcity of this information to carry out analysis for probabilistic landfill design. 
Prior information can be updated when more information is obtained through further tests, to 
form posterior information for a comprehensive design. 
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. The main objectives of the elicitation in use of preliminary probabilistic landfill design 
are as follows: 
• To acquire data in cases where 'conventional' methods of data gathering cannot easily 
and economically be used, especially relating to waste properties and the variation in 
input parameters; and 
• To elicit the distribution of input parameters for probabilistic analysis of landfill systems. 
The elicitation process designed for this study includes selection of issues and experts, 
elicitation of expert judgments, mathematical aggregation of opinions and finally, drawing 
consensus. The issues are presented in questionnaire forms, which are created in Microsoft 
Excel using VBA macros. 
3.5.1 Selection of the issues to be submitted to the experts 
The first series of questionnaires seek the opinions of experts regarding input parameters 
and their variation, which they will adopt for initial landfill design. Initially, an introduction is 
sent to each prospective participant to explain briefly the objectives and process of elicitation, as 
well as to establish the credentials of each participating expert. 
The issues for elicitation are shown in Table 3.2 and are divided into 4 parts of 
questionnaire. Part 1 consists of waste properties questionnaires, which probe information about 
bulk unit weight of waste, strength, compressibility, and permeability of waste, that are 
commonly considered by the experts during initial design. In Part 2, the interface questionnaire 
attempts to quantify the expected variations in the interface properties such as interface shear 
strength parameters, and geosynthetic tensile strength, where there is a lack of tests for 
statistical interpretation. The questionnaires in Part 3 on unfavourable actions consider 
destabilising forces arising from leachate on the liner and contruction plant forces that might 
occur during construction, operation and closure of the landfill. Finally, the tolerances in 
construction questionnaire in Part 4 covers issues relating to the limitation of constructing a 
landfill according to specifications, as well as accounting for additional loads that might be 
imposed onto a liner system during construction, operation, and closure phases. For each 
questionnaire, reasons, comments and/or assumptions are also sought from respondents to find 
out the logic or reasons for given responses. The experts were advised not to fill those questions 
which are out of their expertise. The outcomes from the aggregation of experts' opinion are sent 
out to participants through a second series of questionnaires, which provide feedback and seek 
consensus between experts. 
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3.5.2 Selection of expert(s) 
The names of professionals are collected from literature studies. Since the experts in 
landfiU engineering are geographically spread across the globe, the questionnaires are attached 
and sent out using emails. These experts consist of academics from different research institutes 
and universities, engineers from consultancies providing landfill design, construction quality 
control and assurance, geosnynthetic manufacturers, and experts from regulatory bodies. Each 
professional is also requested in the email to nominate other experts, who could provide 
information to the questionnaires. 
Table 3.2 Questionnaires for expert elicitation 
Part Agenda Questionnaires(s) designation 
Waste properties Qla_'Yw"re, Qlb_others 
2 Interface properties Q2_Interface 
3 Unfavourable actions Q3a_ Water, Q3b_Plant 
4 Tolerances in construction Q4_Tolerances 
3.5.3 Formal elicitation of expert judgments 
The method of elicitalion to seek information and achieve consensus between the experts 
are partially based on the Delphi method because questionnaires can be administered to 
geographically spread experts. In the Delphi method, each expert submits their judgment. and 
all judgments are then circulated anonymously to all experts. Each expert then submits a revised 
judgment and the procedures are iterated until consensus is achieved. Delphi can provide a 
broad representation of diverse backgrounds on the subject matter, and prevents participants 
with strong personalities dominating the group. 
3.5.4 Mathematical aggregation of opinions 
Even the simplest form of reliability analysis requires both the mean and standard 
deviation of the input parameters to calculate the performance indicators such as factor of safety 
and reliability index or probability of failure. Christian et al. (2004) concluded that real experts 
tend to be good at estimating mean or median values or trends, but are too confident and often 
underestimate the uncertainty in their estimates. This is not surprising since estimating central 
moment values such as mean, median or expected values are the fundamental engineering 
judgment required for deterministic calculation, while estimating variances pose a greater 
difficulty since experts might underestimate or overestimate uncertainty in the input parameters 
by failing to include or exclude some sources of uncertainty. Therefore. eliciting mean or 
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expected values is straight-forward but estimating variances or standard deviations requires the 
application of elicitation techniques. Principle techniques used in this study to aggregate 
information obtained from each respondent are proposed by O'Hagan (1998) . 
• :. Prior mean and standard deviations 
To elicit a priori means and variances, experts are asked to give lower (L), most likely 
(M) and upper bound (V) values for the parameter in question. If the differences between M-L 
and V-M are equal or close to equality, the prior distribution is assumed to be normal and the 
prior standard deviation is set to (V-L)l2 (Shlyakhter, 1994; O'Hagan, 1998) if the range 
asserted by the experts are relatively small. This prior standard deviation is computed such that 
upper and lower bound values are exactly plus and minus one standard deviation from the mean 
or mode value. Conversely, the three sigma rule applies if the range is high. The rule suggests 
that the minimum and maximum values encompass three standard deviations from the mean 
value and therefore, prior standard deviation should be equal to (V-L)l6. When deviation (dev) 
from mean value (Equation (3.8» of a parameter X is asked in the questionnaire, the coefficient 
of variation (COV) corresponding to low and high asserted deviations are computed with 
Equations (3.9) and (3.1 0), respectively. 
dev x-mean xlOO% 
mean 
COy = dev for low asserted deviation 
2 
COy = dev for high asserted deviation 
6 
(3.8) 
(3.9) 
(3.10) 
If the expert's distribution is positively skewed, as indicated by differences of V-M being 
substantially greater than M-L, a log-normal distribution is assumed and the prior standard 
deviation is calculated as M~, where r is equal to exp[{ln(U) - In(L)F 18]. Negatively 
skewed distributions are not considered because engineering parameters and processes tend to 
be positively skewed (O'Hagan, 1998; Frey and Burmaster, 1999; Modarres et al., 2003) . 
• :. Eliciting probability distribution 
Eliciting a probability distribution involves 2 parts. The first part, which consists of 
finding a distribution to fit the statistical moments interpreted using experts' opinions, is 
explained below. The second part, which includes combining probability distributions from 
experts to achieve a consensus distribution for the parameter in question, is discussed in Section 
3.5.5. 
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O'Hagan's (1998) approach is used to elicit an expert's distribution for a parameter. In 
the approach, the experts are asked to give probability for the quantity lying in the following 
intervals: 
• Interval pt : CL,M) 
• Interval p2 : CL, CL+M)/2) 
• Interval p3 : «M+U)/2, U) 
• Interval p4 : CL, (L+3M)/4) 
• Interval pS : «3M+U)/4, U) 
The intervals are chosen to avoid asking the experts to assess very small probabilities, and are 
arranged in a jumbled sequence to prevent anchoring problems. Subsequently, the quantiles (q) 
in ascending order for a probability distribution are computed as follows: 
• 
• 
• 
• 
• 
• ( M+U ) q6 = P 2 < X :S: U = P3 
A smooth probability density function with possible lower and upper bounds (L, U) such as 
triangular, uniform or beta distribution, is fitted using the quantiles in BestFit software. 
However, a distribution with infinite tails is not ruled out as a possible fit as long as the 
probability of sampling an implausible value is less than 5%. The density curve is constrained to 
have mode, M, or is chosen to minimise the sum of square differences between the six 
probabilities q], ... ,q6 and the corresponding probabilities q,*, ..... ,q6* of the fitted density curve. 
Alternatively, experts can choose directly from a list or state any other type of 
distribution that they will most likely assign for a particular parameter. The common 
distributions listed in the questionnaires are normal, lognormal, beta, triangular, and uniform. 
Once a distribution type is determined, method of moments (MM) are utilised to evaluate the 
distribution parameters using the expert's opinion. In this approach, the distribution parameters 
are estimated by equating the statistical moments computed from expert's opinion with that of 
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the candidate distribution. The number of required known moments from the datasets depend on 
the number of unknown distribution parameters. This method is relatively straightforward since 
most closed form expression for the statistical moments for common distributions are already 
derived and presented in most statistical distribution handbooks. The subsequent discussions 
present the formulations for the common distributions listed in the questionnaires using this 
approach. 
Unlike for a normal distribution, the mean for a lognormal distribution refers to expected 
value and not the average of available data. For highly skewed variables, the average of data 
and expected value from a lognormal distribution are two significantly different values. 
Lognormal distribution function, denoted by f(x; 1." 11', cr'), is given as follows: 
f( , ") 1 { 1(ln(X-A)-,u,)2} X;.JL.,j1 ,6 = exp --(x - )")0".J21i 2 (J" (3.11) 
where, A, represents a location parameter for the distribution, in which the measurement variable 
(X) does not produce any value below it,ll' and cr' are respectively the mean and standard 
deviation of In(X), which can be transformed to mean (11) and standard deviation (cr) of X (e.g. 
in the variable unit) using the following relationship: 
(3.12) 
(3.13) 
Therefore, the most likely value given by an expert is assumed to approximate the mode value 
of a lognormal distribution, while the standard deviation is estimated using the approximation 
proposed at the beginning of this section. The mean value in the variable unit is then computed 
using Equation (3.14). The mean and standard deviation are later transformed into equivalent 
scale (11') and shape (cr') parameters for a lognormal distribution using Equations (3.12) and 
(3.13), respectively. 
4 
Mode = __ ,u'----cc-;-
[0'2 + ,u2 JYz 
(3.14) 
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For a triangular distribution. lower (L). the most likely CM) and upper (U) values are used 
to generate the distribution curve. The expected value. ECx). and standard deviation. Sex). fora 
triangular distribution are calculated using the following relationships: 
E(x)=L+M+U 
3 
~L2 +M2 +u2 -L*M -M *U-U* L 
Sex) = 18 
(3.15) 
(3.16) 
For a uniform distribution. only lower and upper bound values are required to computed 
E(x) and Sex) as follows: 
E(x)=L+U 
2 
S(x)=~(U _L)2 
12 
(3.17) 
(3.18) 
The beta distribution is characterised by two shape parameters 0"1 and ~). Additionally. 
low (min) and high (max) values can also be specified to limit the sampling values within the 
bounds. Without specifying min and max. a beta distributed random variable can take any value 
between 0 to 1. Distribution parameters. Al and ~. are calculated using the following 
relationships by assuming that the most likely value given by an expert approximates E(x). 
while Sex) is computed as (U-L)/2. 
E(x) = min+ (max- min)( Al ) 
Al +Az 
(3.19) 
Sex) = (3.20) 
Finally. distribution fitting will proceed only when enough sensible information is elicited 
from experts to evaluate the distribution parameters. 
3.5.5 Feedback and consensus 
There is little published work on a practical approach to elicit a single distribution from a 
panel of experts that are geographically spread. Therefore. once distributions from experts for a 
particular parameter are determined. a unique distribution called consensus distribution for the 
parameter is evaluated using a linear opinion pool approach. Using the approach. about 25000 
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values are generated for each assigned distribution from each expert using a built-in random 
number generator in Microsoft Excel program. Assigning equal weight to the experts' opinions, 
the generated values from each expert's distribution at the same iteration step are then averaged. 
A histogram is drawn using the 25000 averaged values and a unique distribution is obtained by 
best-fitting a probability density curve to the histogram, while the distribution parameters are 
estimated using the maximum likelihood method. 
Besides the mean, coefficient of variation and range, probability density curves are 
presented to the participating experts to seek consensus. The experts are asked whether they 
agree or disagree with the results of collation. For any disagreement, the experts are asked to 
give their reasons and new sensible values. Subsequently, the consensus distribution is adjusted 
to take into account experts' feedback. The consensus and feedback, which constitute the prior 
information regarding an issue, can be updated once more information such as field and 
laboratory test results are obtained. However, the updating process is ·not carried out in this 
study since no test was conducted for insufficient data such as waste properties and construction 
tolerances. 
3.6 Landfill Engineering Design I: Stability of Veneer Cover Soil 
The merits of probabilistic landfill engineering design are investigated for the stability of 
a simple veneer cover soil system, and integrity of a landfilllining system. Figure 3.9 illustrates 
the steps to include uncertainty of design parameters into deterministic veneer cover soil 
stability design in Chapter 6. The stability formulations are specified in a spreadsheet, while 
probability distributions for the design parameters are integrated using @RISK. Insignificant 
and significant input parameters are identified through sensitivity analyses and taken as 
deterministic and random variables, respectively. Automated calculations are executed until 
both deterministic (e.g. target FS) and probabilistic design requirements (e.g. target PI) are 
achieved. 
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Detenninistic input 
parameters 
(e.g.landfill geometry, 
subsoil property) 
Stability spreadsheet 
Random number generator 
using @R1SK: NO 
Input parameters considered as 1+-==------' 
random variables 
Change material or 
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design: Change NO 
NOTE: 
(1) 'relevant' refers to either mean or stdev of 
design parameters. 
(2) 'i' is current number of realisations. 
(3) 'N/ is total number of realisations. 
(4) 'Jl{FS)' is mean value ofFS 
(5) 'FS,' is target factor of safety. 
(6) 'Pn' is target probability of failure. 
relevant input 
parameters 
Approved considered 
material and design 
Figure 3.9 Basic steps to compute safety factor and failure probability for stability of veneer 
cover soil 
3.7 Landfill Engineering Design 11: Integrity of Landfill Lining System 
The effects of uncertainty and variability of design parameters to the integrity of a landfill 
lining system are investigated using a landfill numerical model in Chapter 7. Integrity refers to 
the serviceability of the lining system, in which the functions of the lining system as a protective 
barrier against land contamination are not compromised in long-term. In this study, the integrity 
is checked against the magnitude of displacements along the lining system, as well as the strains 
imposed to the geosynthetics constituting the lining system. To accomplish this, Fast 
Lagrangian Analysis of Continua (FLAC) software version 4.0.327 is used because it can 
accommodate large displacements and strains that are expected to occur in landfill lining 
systems. Moreover, the software is chosen because its code can solve problems that consist of 
complex geometry, several construction stages, non-linear material behaviour and unstable 
systems (e.g. dynamic). It also allows materials, interfaces and structural elements to be 
modelled relative to a non-linear or linear stress-strain law in response to applied forces and 
boundary constraints (Itasca, 2000). Furthermore, a programming language (FISH) is embedded 
within FLAC for secondary developments, which enables user to define new variables and 
functions, create new constitutive models and automate parametric studies. 
3.8 FLAC Routine 
In brief, FLAC is a geotechnical finite difference software which utilises an explicit, 
time-marching solution scheme to solve the formulations. It was developed specifically for 
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geotechnical and mining applications in the early 1980s. The version consists of about 10 built-
in constitutive models for soils and rocks. Figure 3.10 illustrates a basic explicit calculation 
cycle using FLAC code. New velocities and displacements are derived from applied stresses or 
forces, while strain rates are derived from the computed velocities and displacements using 
equations of motion. The new stresses and forces are then calculated from the strain rates using 
a stress-strain relationship consistent with the assigned constitutive model. 
Step/Cycle 
I Applied stresses or forces 1 
I 
Equilibrium equation 
(Equation of motion) 
Velocities & displacements 1 
Equilibrium equation 
(Equation of motion) 
Strain rates I 
Stress-strain relationship 
(Constitutive equation) 
New stresses or forces I 
Figure 3.10 Basic explicit calculation cycle 
Solutions in FLAC are reached through a process known as time-marching or time-
stepping, which is simply adjusting the values of each gridpoint or node in the mesh through a 
series of cycles or steps. These adjustments are based on the selected constitutive model and 
equation of motion (analogous to eqUilibrium equation). The adjustments continue until the 
specified tolerance of error is small. In this study, the error tolerance is measured using 
equilibrium ratio (sratio), which is defined as the largest ratio of maximum out-of-balanced 
force to average applied force amongst all the gridpoints. Based on the recommendation from 
the FLAC user manual, sratio of 1 % is assigned in this study, which is considered acceptable as 
denoting equilibrium. 
3.8.1 FISH functions 
FISH is a programming language embedded in FLAC which is analogous to BASIC and 
FORTRAN. It enables conditional statements such as 'IF' and 'LOOP' to be included for 
repetitive tasks. FISH subroutines are useful in carrying out mathematical operations and 
defining new variables or new functions that are required in FLAC. The subroutine is executed 
whenever it is 'called' by its specific name from FLAC. A FISH subroutine starts with a 
'DEFINE' line and ends with an 'END' line, while the rest of the operations are sandwiched 
between these two lines. In this study, FISH is used as follows: 
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• To incorporate strain-softening behaviour for lining interfaces. An example of a FISH 
function (SSINT.FIS) for this task is provided in the FISH manual, but it has been 
modified to recognise interface consisting of beam elements by Fowmes et al., 2006; 
• To create and designate interface segments along the base and side slope so that strain-
softening behaviour can be taken into account. For example, the following FISH function 
excerpt divides an interface at the hase into 10 segments, and assigns interface properties 
to each segment. 
; TOM-FINES basal " continued 
define inCbasaLa 
loop aa(l, 10) int ifn aside from node nbeg to node& 
nbeg ~ aa*5 + I nend bside from 1,6 to 51,6 
nend ~ nbeg - 5 int ifn unglued ks~2.28e6 kn~l.le7 
ifn ~ aa end_command 
command end_loop 
end 
• To assign different material and interface properties to the numerical model 
automatically, and to save each state into a different file. For example, the following 
FISH function excerpt assigns 250 different unit weights of waste extracted sequentially 
from an external file 'InpuCUWeight.dat'.lt saves them into separate '.sav' files before 
they are called and replaced into waste model properties during each realisation. 
define setup ; continued 
n_trial ~ 250 
flIename8 ~ 'InpuCUWeight.dat' trial ~ string (000) 
end savefile = 'sim' + trial-t- ',say' 
setup command 
save @savefile 
define ipropsim end_command 
array u_weight (n_trial) end_loop 
loop 000 (I, n_trial) end 
status ~ open(fiIename8, 0, I) restore sim1.sav 
status ~ read(u_weight, n_trial) ........ 
iu_ weight~ parse (u_ weight (000), I) group'waste:I'i 150j711 
dens_waste ~ iu_weight * 1000/9.81 model dy group 'waste: I' 
status = close properties density ~ dens_waste bul~597090 .... 
• To calculate and record output information at the end of each realisation. For example, 
the following FISH function excerpt computes vertical displacement at the crest of the 
waste body. When the FISH is called during a realisation, the vertical displacements are 
recorded into a table, which is then logged into an external file named 'ydisp-
constl_siml.txt' . 
define ver_disp ; continued 
zz= 1 end_loop 
loop gcount (1, 26) end 
igrid = gcount*2 - 1 ...... 
v _disp = ydisp (igrid,jgrid) set vdisp_tab ~ I 
x_dist = x (igrid, jgrid) - X (I, jgrid) vecdisp 
xt.ble (vdisp_tab, zz) = x_dist set log ydisp-constl_siml.txt 
ytable (vdisp_tab, zz) = -v_disp print table 1 
zz=zz+ I 
set log off 
.... " 
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3.9 Structure for Series of Numerical Simulations 
FLAC version 4.0 offers both a graphical user interface (Graphical Interface for Itasca 
Codes, GiIC) and a command mode for modelling. In GIIC mode, the operations are menu- and 
mouse-driven. In command mode, FLAC model is manipulated using command lines without 
any graphical assistance. The GIIC mode is useful to construct the geometry, to install all 
structure elements such as beam, cable and pile, and to plan for construction stages. The built-in 
console and record panes in GIIC facilitate any alteration to the model and provide graphical 
visualisation to check for correctness in the inputs. However, the history and log files in ASCII 
format for storing output information, cannot be recorded from GIIC. Moreover, the command 
mode is proven to be more a versatile platform for batch execution, in which the material and 
interface properties for each realisation change consistently based on the assigned probability 
distributions. In this study, the maximum number of realisations for a scenario or simulation are 
limited to 250 times due to time constraint and storage limitation. Nevertheless, a simulation of 
1000 times with varying material and interface properties based on their probability distribution, 
is also performed to compare the results between high and low number of runs. 
The FLAC commands and FISH functions for the numerical landfill model are written in 
a batch file, which is called from the command mode. Figure 3.11 illustrates the procedures to 
automate multiple FLAC runs continuously. The batch file named 'DYield_ -.dal' (where - are 
designated with different names based on the types of analyses to be conducted) acts as an 
'engine' to set up geometry of the model, define initial and boundary conditions, substitute 
model properties from input data files, save different relisations as .SA V files, restore each 
.SAV file for stepping or solving, and finally, record the output information into different data 
files. In each realisation, random design values which are sampled according to their probability 
distribution, are automatically read into the numerical model and saved sequentiaIly into 
different .SAV files by looping. These .SAV files are then recalled and solved sequentially in 
ascending order for each construction stage. The output information are finally saved into 
folders to be processed with Excel macros. 
Instead of using a FISH function with a built-in random number generator in FLAC, 
sampling values of a design parameter are generated using BestFit software. This enables the 
generated sampling values to be examined for non-plausible values before commencing series 
of numerical realisations. BestFit finds a suitable probability distribution to describe the 
available information for each design parameter, and different values are sampled based on the 
postulated distributions. These sampling values are then copied in columns to an external input 
file. Each row in an input file represents a material property value for one realisation. 
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r-----------------------------------------------------------------------------------. 
: "ENGINE": DYie\d_ -.DAT : 
1 ______ ----------------------------------------------- ______________________________ 1 
, 
, 
, 
, 
, 
--;!> 
Define model 
configurations: 
Geometry setup 
Initial & boundary 
conditions 
Structural element 
(e.g. geosynthetics) 
Interfaces 
Substitute input 
properties 
Material model 
Interfaces 
Structural element 
Save as .SAV 
files 
Type$ of output information 
.- .................... -.- ...... - ............ -.- .................... r"""--
InterfacereJative Stress and Waste surface 
displacement strain of as profile 
NOTE: 
GS refers to geosynthetic components 
Nr refers to total number of realisations 
Figure 3.11 Structure for conducting multiple runs in FLAC 
STEP/SOLVE 
END 
In subsequent sections, details of the numerical landfill model and types of analyses 
carried out in this study are described. The main purpose of these numerical analyses is to 
investigate the effect of waste settlement on the behaviour of a basal lining system, with the 
addition of possible uncertainty and variability in design parameters. Based on these analyses, 
some recommendations and conclusions are drawn for deterministic design. 
3.10 Numerical Model of Landfill 
The finite difference discretization of landfill conditions which is used to simulate the 
incremental waste loading for this study is shown in Figure 3.12. Unlike previous researchers 
(e.g., Reddy et al. 1996; Jones, 1999; Filz et al., 2001) who modelled a landfill cell, the model 
in the study illustrates a completed landfill. The difference between a cell and a completed 
landfilllies in the mobilised stress and displacement that can occur at the basal, in which a short 
basal length (Le., due to a temporary waste slope during filling) may result in higher mobilised 
stress and displacement at the base of a landfill cell. If sufficient length is provided at the base, 
both landfill types (i.e., landfill cell and landfill at closure) are believed to yield similar results 
of mobilised stress, displacement and stress especially at the side slope. 
The landfill model is made up of 85 x 36 zones, in which 30 x 50 zones represent the 
waste body and the remainings constitute the foundation or are nulled to create lining interfaces. 
The meshes for waste body and foundation are generated such that the aspect ratios (Le. ratio of 
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length to width of an element) before, during and after simulation, are not larger than 5.0 to 
avoid numerical instability problems and to ensure good quality of output. The landfill model in 
the study is constructed in 6 lifts of 5 m thickness, up to a height of 30 m. For the base case 
scenario, the side slope is inclined at I :2.5 with a length of about SO. Srn. A basal length of 100 
m is allocated to avoid failure at the base, which may propagate and influence mobilised stress, 
and displacement at the side slope. 
The lining system consists of three interfaces similar to those utilised in the laboratory 
testing programme, namely TGM-fines, TGM-NWGT and NWGT-coarse. Interfaces at the base 
and side slope are divided into 10 and 30 segments, respectively, to incorporate strain-softening 
and non-linear interface behavior along their lengths. The foundation is assumed to be rigid and 
well-compacted by assigning high bulk and shear moduli of 6.7e10 N/m2 and 6.5e10 N/m2, 
respectively. Moreover, these high values also reduce interpenetration of waste body and 
interfaces into the foundation. 
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Figure 3.12 Geometry and mesh ofFLAC landfilI model 
3.10.1 Modelling of municipal solid waste (MSW) 
.:. Material model 
The waste investigated in this study comprises of municipal solid waste (MSW). To date, 
most wastes are modelled based on soil constitutive models such as Mohr-Coulomb, or a 
hyperbolic model as discussed in Section 2.1.4. In this study, a double-yield model (Itasca, 
2000) is adopted to consider permanent volume changes resulting from the application of stress. 
Material parameters for a double-yield model include maximum elastic bulk (B) and shear (G) 
moduli taken as upper limits to B, and Go. a table relating cap pressure (p,) to plastic volume 
strain (ep,) to represent the "hardening curve", R defined as a ratio of elastic bulk modulus to 
plastic bulk modulus with a value greater than unity to control the slope of stress-strain curve on 
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volumetric unloading, as well as friction (~w) and cohesion (cw) values for MSW. Since no field 
or laboratory loading and unloading tests have been carried out for MSW in this study, these 
parameters are derived using information obtained in the literature review and from expert 
elicitation. As plastic volumetric strains occur, the tangential bulk (Bc) and shear (Gc) moduli 
are altered according to a special law defined in terms of a constant R factor. Using incremental 
notation, this relationship is as follows: 
G =G Bc 
c B (3.21) 
Simplistically, the model considers that plastic and elastic stiffoesses of a material increase as it 
becomes more compact under different construction stage loadings . 
• :. Detennination of pc·e,v relationship and parameter R 
The drained constrained modulus (D') versus mean applied vertical stress (a;) shown in 
Figure 3.13 are computed based on measured strain and stress in the field by Powrie and Beaven 
(1999), Landva et al (2000), Gotteland et al. (2001) and Dixon et al. (2004b). The maximum 
(Dma;), average (D"",,;) and minimum (Dmin') constrained moduli are used to determine B, G 
and pc-epv relationships for stiff, intermediate and soft waste, respectively. The shear modulus of 
waste is computed from constrained modulus by approximating D' is 2.20 and Poisson's ratio 
of MSW (u) is 0.1 (Dixon and Jones, 1998), while the bulk modulus is estimated using the 
following elasticity law: 
B = 2G(1 + v) 
3(1- 2v) 
(3.22) 
Therefore, for a 30 metre high landfill that exerts a mean effective stress of approximately 
150kPa (assuming unit weight of waste of 10 kN/m\ Dm"n', G and Bare 1434 kPa, 651.4 kPa 
and 597.1 kPa, respectively. Meanwhile, R of 10 is assumed, and the pc-e.v relationship is 
empirically estimated such that the difference in settlement between numerical compression 
tests obtained from FLAC and one dimensional settlement calculation using D' is no greater 
than 5%. 
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Figure 3.13 Constrained modulus versus mean applied vertical stress (after Dixon et aI., 2004b) 
.:. Determination of parameters <l>w and Cw 
Jones (1999) asserted that strength parameters of waste for numericallandfill analyses do 
not have a large effect on the mobilised stress and displacement distributions along the lining 
interface provided that the waste shear strength is greater than the waste slope angle. Since the 
landfill for numerical analyses in this study is symmetrical (e.g. effect of waste slope is 
excluded), these parameters are taken at deterministic mean values based on recommendations 
from the expert elicitation process. The variability associated with these parameters is also 
ignored . 
• :. Unit weight of waste 
Unit weight of waste (Yw,&e) significantly influences both stability and integrity of a lining 
system. Therefore, uncertainty and variability of YW'"te are taken into account in the numerical 
analyses. The Yw,,,e values for each realisation are sampled based on a consensus probability 
distribution from the experts elicitation process. 
3.10.2 Modelling of landfill composite liner interfaces 
The input parameters associated with the landfill model include strain-softening shear 
strength parameters, normal and shear stiffnesses. Using modified FISH function of SSINT.FIS, 
the strain-softening behaviour of the interfaces are modelled in FLAC by defining tables of 
friction angles andlor adhesions at corresponding displacements. The paired values from the 
tables are selected such that they can capture the strength-displacement curves obtained from 
laboratory tests. 
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.:. Generating strain-softening parameters 
Tables for pairs of displacement-friction angle and displacement-adhesion are derived 
from the repeatability interface direct shear test results. Procedures to obtain common 
displacement-friction angle and displacement-adhesion pairs to produce equivalent shear 
strength-displacement curves at four different applied normal stresses (cr") are explained in Step 
I to 3 below. Step 4 onwards describe the process to generate paired values for different runs to 
produce interface shear strength-displacement curves from numerical direct shear tests, which 
are within the envelope or equivalent to the 14 to 15 interface direct shear tests per normal 
stress, obtained in the laboratory repeatability testing programme (Chapter 4). 
Step 1: Interface shear strengths (1:) are evaluated at increments of O.5mm up to 90mm (e.g., 
0.5mm, 1.0mm, 1.5mm etc.), and 1: values at each increment are averaged for the 14 to 
15 tests per normal stress. 
Step 2: Pairs of displacement-adhesion are estimated based on recommendation by Jones 
(1999). The displacement-adhesion relationship shown in Figure 3.14 is postulated to 
increase linearly from zero to its CXp at a similar average displacement (Dpeak) to reach 
peak shear strengths in the laboratory tests. The adhesion then reduces to its residual 
value aw at a further displacement corresponding to half the displacement required 
for peak shear strength . 
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Figure 3.14 Displacement-adhesion relationship for FISH strain-softening interface 
Step 3: Interface friction angles (0) corresponding to each displacement increment are 
computed using Equation (3.23). For basal design, pairs of displacement-friction angle 
are estimated by fitting linear segments to displacement-friction angle curves that 
correspond to higher applied normal stresses (e.g. cr" >100kPa). 
(3.23) 
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Step 4: The generated paired values of displacement-friction and -adhesion for different 
numerical realisations need to project the variability of interface shear strength in 
order to obtain equivalent shear strength-displacement curves to the laboratory tests. 
By assuming zero correlation between a and 0, the variability of interface shear 
strength to equivalent variability of interface adhesion and friction angle, in terms of 
variance (Var[.D, is computed using Taylor series approximation stated in Equation 
(3.24). 
(3.24) 
Subsequently, this yields variation of't as a function of variability of a and 0 as follows: 
Var[T] = Var[a] + O'~Var[tan 0] (3.25) 
Replacing Var[x]=E[xfcav/ into Equation (3.25) and solving for CaVa yields the following 
relationship: 
2 2 2 ..,2 2 E[T] (COV~ )-O'n(E[tanvJ) (COVtan ,,) 
E[a] 2 
(3.26) COVa = 
where E[x] and COY x are the mean or expected value, and the coefficient of variation of 
parameter, x. E['t], E[tano], E[a] and cav, corresponding to peak or large displacements for an 
applied Cln are evaluated from the laboratatory test results, while cav tanS is assumed a 
maximum value that will produce a positive value for CaVa' Subsequently, CaVa at peak or 
large displacement is taken as an average value of the four 'applied Cln• 
Step 5: The variability of interface shear strength parameters corresponding to other 
displacements (Ds@; or Da@;) are approximated by linear interpolation from 3 known 
variability values, which are null, peak and large displacement shear strength (a or 0) 
variability at zero, peak and large displacements. Using these known values, the 
variability of pre-peak interface friction angle or apparent adhesion is computed using 
Equation (3.27), while the post-peak variability is calculated using Equation (3.28). 
(3.27) 
(3.28) 
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where's' is either 1) or ()(, COVs of 1) at peak and large displacements (COV5@p and COV5@W) 
are evaluated in Section 3.4.1, and COVs of ()( at similar displacements (COVu@pandCOVa@w) 
are estimated in Step 4. 
Step 6: Random interface friction angle and adhesion values at different determined 
displacements (D5@i or DU@i) are sampled from a normal distribution using the Monte 
Carlo approach. For a low mean ()( with high COV", extreme values (e.g., negative 
values) are avoided by generating 0: from a four-parameter beta distribution, in which 
the maximum and minimum bounds (max, min) are defined by ± 2 standard 
deviations from the mean value or acceptable limits, while the remaining two· 
parameters 0"1 and A.2) are computed such that they produce equivalent mean (~) and 
variance (Var), assuming a normal distribution as follows: 
Al = (f.l- min)A.z 
max- f.l 
(3.29) 
( f.l- min) max- f.l 
A.z= 
( f.l-min)2 + 2(f.l- min) + 1 max- f.l max- f.l 
(max-min)2 
Var ( 
max- f.l ) 
I . max-min (3.30) 
Step 7: Finally, the randomly generated strength parameters at determined displacements 
for a shear strength-displacement curve are cross-checked against each other to 
ensure that the Coulomb failure envelopes display sensible strain-softening 
behaviour for TGM-fines and TGM-NWGT interfaces. For NWGT-coarse 
interface, the curves can be strain-softening or -hardening since both behaviour are 
observed in the laboratory test results . 
• :. Validating strain-softening parameters 
Before applying the paired values of displacement-friction- and -adhesion to model the 
strain-softening behaviour in a landfill lining system, the parameters are validated using 
numerical direct interface shear tests. Properly defined, the generated parameters for different 
interface shear test realisations should produce shear strength-displacement curves which are 
within the envelopes obtained from laboratory tests. 
In a numerical interface direct shear test, the displacement at the interface is forced by the 
applied velocity of 5e-6 mlstep. Interface shear stiffness (k,) must be assigned a high value so 
that interface shear strengths at corresponding displacements can be achieved during stepping. If 
a low tangent or secant k, is applied, the stress redistribution will produce lower shear strength-
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displacement curves than those obtained from laboratory tests. Conversely, high values will lead 
to slower convergence. Therefore, both interface normal (kn) and shear stiffness are assigned 
values based on recommendation from the FLAC manual as follows: 
k,orkn = max 3 [B+~G] Llzmm (3.31) 
where G and B are shear and bulk moduli of the adjacent material, and Azmin is the smallest 
width of an adjoining zone in the normal direction to the interface . 
• :. Interface shear stiffness 
In the numerical landfill model, interface shear stiffness is taken as a random variable 
since its values, which directly affects the stress and displacement distribution along interface 
lining system, cannot be accurately estimated. Similar to the strain-softening parameters, 
different shear stiffness values for different realisations are sampled based on a probability 
·distribution, which is postulated using laboratory repeatability direct shear test results. Its 
probability distribution and sampling values for different realisations are generated using 
procedures described in Sections 3.4.1 and 3.4.2. For this task, only secant interface shear 
stiffness values, defined as the slope of interface shear strength-displacement curves, 
corresponding to applied normal stress of 200 kPa are used. However, the implication of 
assigning low (e.g. secant modulus) and high (e.g. initial tangent modulus) k, values for 
interfaces is also investigated through a parametric study. 
(. Interface nonnal stiffness 
One side of an interface may seem to "faIl" through the other side of the interface. This is 
the result of the resisting force not being as large as the mass of the upper block (e.g., waste 
body). Interfaces which have sufficient normal stiffness (kn) to prevent collapse are described as 
having non-interpenetrating equilibrium on either side of the interface. However, the solution 
time will be vastly increased if the stiffness is set to a very high value. In order to solve this 
problem, the normal stiffness for the interfaces in the numerical model are increased to 
recommended values calculated using Equation (3.31). The k. value is taken as a constant 
sufficient value since its primary function only involves reducing interpenetration of a material 
through an interface. 
3.10.3 Geosynthetics 
The geosynthetics in the lining system include a textured geomembrane (TGM) and a 
non-wowen needle-punched geotextile (NWGT). Linear elastic beam elements are used to 
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model these geosynthetics for the numerical landfill model. Since they behave elastically, no 
failure or rupture would occur in the geosynthetics. Therefore, failure criteria such as allowable 
strain or stress in the geomembrane are specified to assess the modelling results. 
The input parameters required for beam elements include the cross-sectional area, elastic 
modulus, second moment of area and plastic moment. However, second moment of area and 
plastic moment are set to zero since geosynthetics for lining system do not resist moment. For 
plane-strain conditions, the cross-sectional area per metre run is equivalent to the thickness of 
the geosynthetics, while elastic modulus can be obtained from accredited tensile tests. In this 
study, elastic modulus is approximated using secant elastic modulus corresponding to yield 
stress obtained from uniaxial tensile tests for the geomembrane, and corresponding to peak 
stress obtained from wide width tensile tests for the geotextile. Since the strains experience by 
the geosynthetics are unknown during design phase, adopting secant tensile modulus would 
produce conservative deformations. Similar to the interface shear strengths, the thickness and 
elastic modulus of geosynthetics are compiled from tensile test results, and the statistical 
moments are calculated. Since the thickness of the geosynthetics can be determined accurately, 
only the elastic modulus is taken as random variable in the numerical analyses. A probability 
distribution is fitted to the available tensile test results and subsequently, sampling values for 
different realisations are generated based on the postulated distribution . 
• :. Tensile infonnation and corrections 
TGM stress-strain or tensile information were obtained from two sources, namely from a 
testing laboratory and from a consultancy. In the UK, it is still a common practice to conduct 
tensile tests in accordance to ASTM 0638 (2003) using a 6 mm wide dumbbell specimen and at 
a speed of 50 mmlmin (Le.l00%/min). The available tensile information needs to be corrected 
for stress and strain according to recommendations from the literature studies (Section 2.3.2), 
before deriving the elastic modulus. Similar corrections are also applied for wide-width tensile 
test results for NWGT, which are provided by the same consultancy company. 
Using the foIlowing expression, the yield or peak stress (O'ty) is corrected for reduced 
area, which is a function of tensile yield or peak force (Fty), initial thickness (4nt=O) and width 
(went=O) of the geosynthetic, engineering Poisson's ratio (u) and natural strain (£nt). 
(3.32) 
The engineering Poisson's ratio and strain are amended to account for large engineering strain 
as follows: 
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(3.33) 
(3.34) 
where Et is engineering strain defined as specimen elongation to its original length and '\lo is the 
Poisson's ratio at zero strain. For geomembrane and geotextile, '\lo is is taken as 0.5 
(incompressible material) and 0.35 (compressible material), respectively. Once the secant 
modulus (E,,,,,) is computed as a ratio of amended stress to natural strain, further correction is 
applied to take into account plane-strain conditions for modelling as follows: 
E Et sec 
tsec(ps) =--2 
I-v 
(3.35) 
Finally, plane-strain elastic secant modulus is multiply by factors of 1.15 and 1.50 for dumbbell 
and wide-width test specimens, respectively, to consider necking influence due to the method of 
clamping. 
For example, a secant elastic modulus for TGM using dumbbell specimen with thickness 
of 2 mm, width of 6 mm, Fly of 228 N and Et of 24% can vary from 79167 kNfm2 assuming no . 
correction to 151666 kNfm2 if all corrections are applied. Meanwhile, corrected and uncorrected 
secant elastic modulus for NWGT, using wide-width specimen with thickness of 9 mm, width 
of 200 mm, F,y of 13348 N and Et of 101.8% are 7261 kN/m2 and 23363 kNfm2, respectively. 
3.10.4 Anchorage 
Modelling the behaviour of geosynthetic anchorage itself warrants an entire research 
investigation. In this study, the geomembrane and geotextile are fixed in both x- and y-
directions at the crest of the landfill. Such arrangement assumed that no slippage occurs at the 
top of the geosynthetics, which is assumed to exert maximum possible tensile forces and strains 
in the geosynthetics. 
3.11 Sensitivity Analyses and Parametric Studies 
The series of simulations carried out are divided into sensitivity analysis and parametric 
studies. Table 3.3 lists sensitivity analyses executed to investigate the effect of variability and 
uncertainty of material and interface properties to the response of the lining system. Design 
parameters for the sensitivity analyses include interface shear strength parameters (0 and a), 
interface shear stiffness (k,), elastic modulus of geosynthetics (E) and unit weight of waste 
(Yw",,,). Similar to interface shear strength parameters, suitable distributions of these variables 
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are evaluated using information from either laboratory, literature study or the expert elicitation 
process. Subsequently, sampling values of these parameters are generated and saved into 
separate external input files. In a sensitivity analysis, the design parameter under investigation is 
taken at a constant base case value throughout the simulation, while the others parameters are 
varied according to their assigned probability distribution. 
Table 3.3 Variation of material and interface properties used for different simulations 
Om" UIntI ~"t2 UInt2 OInt3 Ulnt3 kslntl ksIna k.1nt3 £.raM ENWGT 'Ywaste 
Simulation I -/ -/ -/ -/ -/ -/ -/ -/ -/ -/ -/ -/ 
Simulation 2 -/ -/ -/ -/ -/ -/ -/ -/ -/ -/ -/ 
Simulation 3 -/ -/ -/ -/ -/ -/ -/ -/ -/ -/ 
Simulation 4 -/ -/ -/ -/ -/ -/ -/ -/ -/ 
Simulation 5 -/ -/ -/ -/ -/ -/ 
Note: IntI. Int2 and Int3 refer to TGM·FINES. TGM·NWGT and NWGT·COARSE inteifaces, respectively. 
Table 3.4 Summary of parametric studies for different side slope inclination and waste 
stiffness 
Variable 
Side slope inclination 
Condition 
Mild, V:H - 1.0 : 3.0 
Moderate, V : H - 1.0: 2.5 (i.e. base case) 
.. · .. ·····_·············-w"il;ie·stfi'iriess·-·········· .. ····-·····---···-·········~·!~".I:'!·Y.:·:~i'i .. LO~~:.Q-... -.-.... -'-' 
Intermediate (Le. base case) 
Stiff 
.. -....... ThickIlessofwaste·u'fis .. -.. ··· .. _· .. ··· .. · .. _·· .. ··Tmetres·wastelfits(ISiifts)···· __ · .... -_· 
5·metres waste lifts (i.e. base case - 6 lifts) 
lO·metres waste lifts (3 lifts) 
Parametric studies summarised in Table 3.4 are performed to examine the influence of 
side slope inclination, waste stiffness and geosynthetic anchorage to the response in the lining 
system. The studies involved setting the parameter of interest to a constant value, but different 
from the base case, throughout the simulation while keeping all other variables and their 
corresponding variability at base case values. Additionally, consequences of applying different 
anchorage systems such as fixing or freeing the geosynthetics at the crest of the side slope are 
also investigated. 
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3.12 Output Information 
3.12.1 Organisation and contents of output files 
The results from the numerical modelling are arranged in columns and saved to external 
output files to facilitate data transfer and plotting in spreadsheets at a later stage. They are 
compiled into five different output files, namely 'if-const* _sim**.txl', 'rsd-const* _sim** .txl', 
'beam-const* _sim** .txt', 'ydisp-const* _sim** .txl' and 'step-const* _sim**.txl', where * is the 
number of construction stage and ** is the number of trials or runs. The output files are 
sequentially named so that they can be organised into their respective folders (Le. OutIF, 
OutRSD, OutBEAM, OutYDISP and OutSTEP) in a systematic manner. In each folder, there 
are six subfolders (e.g. constl to const6) for different construction stages. Organisation of the 
folders is illustrated in Figure 3.15. 
Output files designate as 'if-const* _sim**.txl' contain information on interface shear and 
normal stresses, and effective length of interface segments. Relative interface shear 
displacements, and corresponding mobilised interface friction angles and adhesions are recorded 
into 'rsd-const*_sim**.txt', while data such as axial forces and strains in geosynthetics are 
logged into 'beam-const* _sim** .txt'. Surface settlement profiles of the waste are obtained from 
'ydisp-const* _sim** .txl'. Finally, 'step-const* _sim** .txl' are 'control' output files created to 
examine number of cycles or steps to solve a construction stage. 
OutXX 
XX-constl_sim** .txt 
XX-const2_sim*'.txt 
XX-const3_sim*·.txt 
XX-const4_sim**.txt 
~-I!!---..I XX-const5_sim*·.txt 
NOTES: XX denotes type of output information i.e. RSD, IF, BEAM, YDISP. STEP. 
*. denotes the number of realisation 
Figure 3.15 Organisation of output files 
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3.12.2 Post-processing of output files 
Once the output files are organised to their respective folders, an Excel macro is used to 
extract the required information from an output file to respective spreadsheets. Since one 
sub folder contains about 250 output files, the macro contains subroutines to automate repetitive 
tasks of processing all files within a subfolder. The macro is encoded using Visual Basic 
Application (VBA) in the built-in Visual Basic editor of Microsoft® Office Excel 2003 SP2 . 
To enable the macro, the required spreadsheets stated in Table 3.5 must first be created in 
an Excel workbook. Location or pathname of a subfolder to be processed is input into a textbox 
in the 'Engine' spreadsheet, while 'raw data' spreadsheet is used as a temporary 'platform' to 
receive and transfer information from an output file to specific spreadsheets, denoted as target 
spreadsheets. Additional computation to obtain final results are also performed in the 'raw data' 
spreadsheet. The final results are then transferred and arranged into the target spreadsheets, and 
the process is repeated until the entire output files in a folder for a single construction stage are 
contained in one Excel workbook. 
Figure 3.16 depicts the structure of the macro for processing the output files. Subroutines 
involved in the macro are recorded in Visual Basic editor under 'Engine' spreadsheet. The 
'SelectTargetFolder' subroutine confirms whether to proceed with processing output files in the 
specify folder, as well as calling 'GetFolderPathName' subroutine to check whether the output 
files are in the correct format (i.e. with extension .txt). Next, the 'AutoProcessEachFileInFolder' 
subroutine is summoned to count the number of output files in the subfolder, to clear prior data 
in the target spreadsheets, and to automate processing of each output file using command 
'For ... to . .'. The file processing involves calling 'RemoveOldRawData' subroutine to delete 
'raw data' spreadsheet after transferring required information to target spreadsheets, 
'ImportRowData' subroutine to move information in an output file to a new 'raw data' 
spreadsheet, and finally, TransferResultChartl' subroutine to transfer the final results to 
corresponding rows based on realisation number in the target spreadsheets. The procedures are 
repeated until all output files in the selected subfolder are processed. 
Table 3.5 Required spreadsheets for processing different type of output files 
RSD 
Engine 
Raw data 
RSD 
Fric 
Adh 
IF 
Engine 
Raw data 
Length 
Normal 
Shear 
Tme of oumut files 
BEAM YDISP 
Engine Engine 
Raw data Raw data 
Axforce Distance 
Axstrain Ydisp 
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AutoProcessEachFilelnFolder 
Identify correct type of 
output files (i.e .. t.xt) Check total number(NT) of.t.xtfiles in the subfolder 
ClearRawData 
Clear unwanted information in target spreadsheets 
RemoveOldRawData 
Delete existing 'raw data' spreadsheet 
ImportRawData 
Import data from an output file to new 
'raw data' spreadsheet ,.--____ ...L ____ --, 
TransferResultChartl 
Transfer required data from 
'raw data' to target 
spreadsheets 
NO 
Repeat procedures until 
all output files are 
processed 
YES 
Figure 3.16 Excel macro subroutines for processing output files 
3.12.3 Interpreting results 
The compiled results in spreadsheets are further analysed to draw conclusions and 
recommendations for probabilistic approach in integrity landfill design. In addition to probing 
the magnitude of displacements and strains experienced along interfaces and in geosynthetics, 
the degree of mobilised strength along the interfaces is also examined. Additionally, strains 
occurring in geosynthetic lining elements are also compared against acceptability criteria, which 
is found in the literature to be no greater than 2 to 5% to ensure long-term performance (Berg 
and Bonaparte, 1993; Mei~ner and Abel, 2000; Seeger and MUller, 2003). As well as 
investigating the effect of uncertainty and variability to integrity of a lining system, the 
interpretation of these results will shed some light towards understanding design issues such as 
whether adopting peak or large displacement interface shear strength is more appropriate in 
deterministic designs when there are uncertainty and variability in design parameters . 
• :. Interpreting degree of mobilised strength along the interface lining system 
To examine the degree of mobilised strength along the lining system, the mobilisation of 
interface shear strengths are divided into the following 7 stages as shown in Figure 3.17 and 
listed below. 
• Pre-peak to peak strength 
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• Peak to post-peak up to 10% strength reduction 
• 10% to 25% post-peak strength reduction 
• 25% to 50% post-peak strength reduction 
• 50% to 75% post-peak strength reduction 
• 75% to 95% post-peak strength reduction 
• 95% to large displacement strength 
The strength reduction (SR) is defined as follows: 
T -T· 
SR= p ',i=p,1,2,3,4,5,LD 
Tp -TLD 
where ti is interface shear strength illustrated in Figure 3.17. 
'tp -----------
'tt ----------- ~-
, ' 
, ' 
, ' 
't2 -------- -----c- 0.25 SR 
, , ' , , , 
, , , 
, , ' 
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I : : : 
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Figure 3.17 Strength stages to investigate the degree of mobilised strength along lining system 
Each interface (Le. TGM-fines, TGM-NWGT and NWGT-coarse) in a realisation has 
different strength-displacement curves, depending on the displacement-friction and -adhesion 
assign to the FLAC landfill model. The required displacements corresponding to different 
strength stages are computed for each strength-displacement curve. Following this, relative 
shear displacements of interface segments occurred along the lining system are compared 
against these values and grouped accordingly into different strength stages. The degree of 
strength mobilised along the lining system at a certain strength stage is computed as the ratio of 
the total length of interface segments at the particular strength stage to the total length of the 
lining system. Finally, the probability that the basal or side slope has post-peak strength equal to 
or greater than a particular strength (t;) is the number of realisations in which the entire length 
of basal or side slope have achieved the criteria to the total number of realisations. 
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(. Interpreting strains in geosynthetic components 
The probability of failure or unacceptable performance for geosynthetics (Pf) is computed 
as the number of realisations in which geosynthetic strains exceed the acceptable strain criteria 
compared to the total number of realisations. 
3.13 Chapter Summary 
The methodologies in this chapter are devised to achieve the objectives and subsequently, 
the aim of this study. These methodologies are rudimentary steps to take into account 
uncertainty and variability of design parameters using a probabilistic approach to landfill 
engineering design. They include various techniques to collect data on significant parameters 
and system variables (ranging from conventional laboratory testing to controversial subjective 
judgment), different methods to process the compiled data to obtain input parameters for 
probabilistic analyses, ubiquitous tools in engineering in order to carry out these analyses for 
veneer cover soil stability and integrity of landfill lining and finally, interpreting the results to 
emphasize the effect of uncertainty for decision-making. 
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Chapter 4 
LABORATORY TEST RESULTS, ANALYSIS AND 
DISCUSSIONS 
4.0 Introduction 
This chapter presents the available information regarding interface shear strength for 
HDPE textured geomembrane against fine-grained soil (TGM-fines), TGM against non-woven 
needle-punched geotextile (TGM-NWGT), and NWGT against coarse-grained soil (NWGT-
coarse), which are obtained from two primary sources; a combined database of Fowmes (2004), 
and Koemer and Narejo (2005), and a laboratory repeatability testing programme. The 
combined database are further grouped into 'global', 'interlab' and 'Criley' as explained in 
Section 3.2. Additionally, the degree of variability and uncertainty in the interface shear 
strengths and their derived strength parameters for these interfaces are quantified. Since 
geotechnical design commonly adopts a normality assumption (Duncan, 2000; Sabatini et aI., 
2002; Koemer, 2002; Dixon et al., 2006a; Phoon and Kulhawy, 2003; Lacasse and Nadim, 
1996; Low and Tang, 1997; Chalermyanont and Benson, 2004), this assumption is formally 
discussed for interface shear strength and their derived parameters, so that the use of normal 
distribution in probabilistic methods such as first order reliability method (FORM) or Monte 
Carlo simulations can be justified and can be used with confidence. Finally, this chapter also 
derives input parameters for interfaces and geosynthetics properties from laboratory test results, 
for use in subsequent veneer cover soil stability and integrity analyses. 
4.1 Available Interface Shear Strength Information 
The types of interfitces and the number of interface shear strength data points in the 
combined database are summarised in Appendix F. The datasets of peak and large displacement 
interface shear strengths, tp and tLD, including the number of data points at corresponding 
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normal stresses for the three generic interfaces considered in this study are summarised in 
Tables 4.1 and 4.2, respectively. All'tLD in repeatability datasets are measured consistently at 
displacements between 80 to 90 mm. However, 'tLD in global and interlab datasets are recorded 
based on the reported values in the literature, which may correspond to different magnitudes of 
displacement. Nevertheless, it is believed that the large majority used 300mm devices and 
hence, comparable shear displacement for 'tLD. 
Table 4.1 Number of data points for 'to at corresponding normal stresses 
cr. ± 10% (kPal 7 10 20 25 35 50 75 100 150 200 
~.~ Global 33 16 45 46 36 15 41 19 35 eTiley 30 30 30 
f-<'" Repeatability 14 15 15 14 
,f-< Global 8 41 47 89 153 101 
~~ Interlab 6 28 13 41 66 52. Repeatability 14 15 15 14 
,:. " Global 7 62 72 111 33 154 38 105 O~ Interlab 3 40 12 50 87 53 ~ 8 Repeatability 14 15 15 14 
Table 4.2 Number of data points for'tLD at corresponding normal stresses 
cr. + 10% (kPal 5 7 10 15 20 25 35 50 75 100 150 200 
, "' 
Global 33 11 40 43 13 7 17 15 22 
::E :g 
eriley 30 30 30 Cl .~ 
f-<'" Repeatabilit~ 14 15 15 14 
,f-< Global 6 32 41 77 38 ::EO ~~ Repeatabilit~ 14 15 15 14 
f-< " 18 17 19 30 8 25 9 19 Cl ~ Global 
~ Repeatability 14 15 15 14 
4.2 Interface Shear Strength Behaviour from Direct Shear Tests 
The subsequent discussions on interface shear strength behaviour for TGM-fines. TGM-
NWGT and NWGT -coarse are based on results from the laboratory repeatability testing 
programme. The tests were carried out with an interface direct shear apparatus at applied normal 
stresses of 11. 51. 101 and 201 kPa, and at a frequency of 14 to 15 tests per normal stress to 
enable statistical evaluation. Full details of the direct shear test procedures used are given in 
Section 3.3. 
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4.2.1 TGM-fines interface shear strength-displacement behavior 
TGM-fines materials acts as a barrier composite to prevent migration and contamination 
from landfill cell to the surrounding ground. The interface shear strengths between these 
materials obtained from the laboratory testing are considered undrained because the tests were 
conducted at a relatively high shearing rate such that there was insufficient time for pore 
pressures to dissipate. Nevertheless, the strengths can be considered representative of field 
conditions because of the relatively rapid rate of waste loading and significant thick compacted 
clay (Byrne, 1994). The post-peak strength reductions of the interface shown in Figure 4.1 are 
attributed to the reorientation of the clay particles parallel to the direction of shearing as well as 
the polishing of the TGM. 
Since the clay was compacted wet of optimum, the soil easily adheres to the 
geomembrane because it is physically soft. pliable and 'sticky'. Therefore, shear failure shown 
in Figure 4.2 was observed to occur within the clay at the leading edge of shear box and move 
towards the interface with increasing shear displacement. The displacements to achieve peak 
shear strengths are in the range of 1.5 mm to I3 mm, which increase with increase in applied 
normal stresses. The degrees of strain·softening (SS), which is defined as the difference 
between peak and large shear strengths over the peak strength for this interface are about 37 to 
59%. 
lOO 
90 
80 
~ ;g 70 
..s 60 
"" ~ 50 
'" 40 ~~ 30 
20 
10 
0 
0 20 40 80 
Displacem:nt, D (nun) 
TGM·Fines 
50kP. 
10kP. 
100 120 
Figure 4.1 TGM·fines interface shear strength-displacement behaviour at normal stresses of 
10 to 200 kPa 
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(b) 
(c) 
Figure 4.2 Interface shearing for TGM-fines at normal stresses of (a) 11 kPa, (b) 51 kPa, 
(c)lO! kPa and (d) 201 kPa 
4_2_2 NWGT-TGM interface shear strength-displacement behaviour 
NWGT -TGM interface is a very common interface encountered in landfill liner systems, 
and exhibits high strain-softening behaviour especially at large applied normal stresses as 
shown in Figure 4.3. It is acknowledged in the literature that this post-peak strength loss is 
mainly attributed to pulling out andlor tearing the filaments from the geotextile during shear, the 
combing or reorientation of the detached geotextile filaments parallel to shear, and polishing of 
the textured surface of the geomembrane. The displacements to reach peak shear strengths 
increase with increase in applied normal stress. These displacements range between 5 mm to 12 
mm, which conform with values of 5mm to 10 mm presented by Jones and Dixon (1998). The 
degree of strain-softening measured for this interface is in the range oft 42% to 59%, which is 
about 5% higher on the lower bound than those recorded for TGM-fines interface. 
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Figure 4.3 TGM-NWGT interface shear strength-displacement behaviour at normal stresses of 
10 to 200 kPa 
4.2.3 NWGT-coarse interface shear strength-displacement behaviour 
NWGT -coarse interface normally can be found beneath the drainage system of a landfill 
facility. As shown in Figure 4.4, this interface yields the highest shear strengths among the three 
interfaces investigated in this study. Unlike the previous two interfaces, the NWGT-coarse 
interface displays little strain-softening behaviour, which corresponds well to the datasets 
presented in Fowmes (2004). Conversely, GRI Report #30 (Koemer and Narejo, 2005) stated 
that this interface does not display strain softening behaviour, which is true for responses at low 
applied normal stress. The degree of strain-softening calculated for this interface is in the range 
of 7% to 35%. The peak shear strengths are achieved at between 5 to 90 mm of displacements, 
with the higher displacements corresponding to lower applied normal stresses. 
180 
160 
~ 140 
'" g 120 
..s 100 0Jl 
" !l 80 ~ ~ 
la 60 
" .<: Vl 40 
20 
0 
0 20 40 60 80 
Dis p1acerrent, D (mm) 
NWGT-coarse 
I01kPa 
51 kPa 
11 kPa 
100 120 
Figure 4.4 NWGT -coarse interface shear strength·displacement behaviour at normal stresses 
of 10 to 200 kPa 
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4.3 Peak and Large Displacement Interface Shear Strengths 
Tables 4.3 to 4.5 summarise the peak ('t,) and large displacement ('tw) interface shear 
strengths obtained from the repeatability testing programme for TGM-fines.TGM-NWGT and 
NWGT-coarse. Additionally. average 't, and Tw. displacements to reach peak strengths (Dp). 
and degrees of strain softening (SS) are also included in the tables. Among the tests carried out 
in the repeatability testing programme. the range of'tp recorded at normal stress (O'n) of 11 kPa 
are 8.5 to 10.8 kPa for TGM-fines. 10 to 11.9 kPa for TGM-NWGT and 8.3 to 12.2 kPa for 
NWGT-coarse interfaces. At O'n of 201 kPa. the range of T, for TGM-fines. TGM-NWGT and 
NWGT-coarse are 64.6 to 94.1 kPa. 92.5 to 113.2 kPa and 129.4 to 156.2 kPa. respectively. The 
average Till for TGM-fines. TGM-NWGT and NWGT-coarse interfaces at O'n of 11 kPa are 4.1 
kPa. 5.8 kPa and 8.5 kPa. while the average 'tw at O'n of 201 kPa are 44.1 kPa. 45.9 kPa and 
112.9 kPa. These values indicate that TGM-fines is the weakest interface in the system. 
Figure 4.5 demonstrates average 'to and 'till for the repeatability datasets. while the 
derived strength parameters using these average values are summarised in Table 4.6. Average 
peak and large displacement shear strengths are plotted against the corresponding normal 
stresses and linear regression is adopted to generate the Coulomb failure envelope for each 
interface. Although a linear failure envelope can fit well to the repeatability test results for 
TGM-fines interface. a concave shape of failure envelope at low normal stress suggested that a 
hyperbolic curve would yield a better fit for a wider normal stress range. Therefore. interface 
shear strength parameters for this study are derived using the normal stress range consistent 
with the design requirements (e.g .• veneer cover soil. basal designs. etc.). 
Table 4.3 Summary of TGM-fines interface shear strengths from the laboratory testing 
programme 
cr, 11 kP. SI kP. 101 kP. 201 kP. 
No. :t. tLD D, SS :t. tLD D, SS :t. tLP De SS :t. tLD D, SS 
I 9.2 4.0 1.6 56.3 28.2 14.2 7.0 49.4 49.6 23.5 13.1 52.6 94.1 52.4 9.3 44.3 
2 9.6 4.1 1.8 57.1 27.8 14.3 5.3 48.5 49.8 24.5 10.5 50.8 89.7 52.8 9.2 41.1 
3 10.4 4.6 1.6 55.6 27.6 13.2 4.2 52.3 47.1 24.7 12.2 47.7 83.8 46.7 12.9 44.3 
4 8.9 3.7 1.9 58.3 24.8 12.2 4.0 50.6 49.7 24.6 15.8 50.5 72.2 43.6 7.2 39.7 
5 10.8 4.6 2.2 56.9 27.9 13.2 5.7 52.8 48.6 25.0 13.1 48.6 73.4 43.9 10.5 40.2 
6 8.5 3.5 2.0 59.3 24.8 11.8 3.4 52.3 47.0 24.3 8.0 48.4 65.0 40.9 7.2 37.0 
7 8.6 4.0 1.9 53.7 23.0 12.3 2.2 46.3 44.3 23.1 11.8 47.9 66.3 40.5 8,4 39.0 
8 8.6 3.8 2.2 56.1 25.5 12.9 3.3 49.6 51.6 25.8 8.1 49.9 65.7 40.8 7.2 37.9 
9 9.0 4.1 1.8 54.1 25.2 12.2 3.6 51.5 41.4 21.9 10.4 47.1 78.5 42.2 9.8 46.2 
10 9.0 3.8 2.1 57.6 25.1 11.9 2.4 52.5 41.0 23.3 11.5 43.2 64.6 40.8 8.3 36.9 
11 8.8 4.0 1.7 54.2 23.0 12.4. 3.2 45.9 54.4 27.4 9.2 49.6 68.2 43.0 9.3 36.9 
12 9.3 4.1 1.9 55.7 26.2 11.9 3.1 54.4 49.0 23.3 12.0 52.5 74.0 43.1 8.4 41.7 
13 8.6 4.3 1.7 50.0 24.0 11.5 2.4 52.2 48.0 25.8 8.8 46.2 76.6 45.7 12.1 40.4 
14 10.0 4.3 2.4 56.8 23.7 11.2 2.6 52.9 47.6 24.1 6.5 49.2 66.3 40.5 8.9 39.0 
15 29.6 15.2 13.1 48.8 48.9 26.0 8.8 46.8 40.6 
Avg 9.2 4.1 1.9 55.9 25.8 12.7 4.4 50.7 47.9 24.5 10.6 48.8 74.2 44.1 9.2 44.3 
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Table 4.4 Summary of TGM-NWGT interface shear strengths from the laboratory testing 
programme 
cr, 11 kPa 51 kPa 101 kPa 201 kPa 
No. :"£ tw De SS :"£ tLD D, SS :"£ tLD De SS :"£ tLD D, SS 
1 11.7 6.6 9.0 43.2 27.0 14.7 7.4 45.7 53.4 26.7 7.5 50.0 103.7 47.1 7.8 54.5 
2 10.5 5.8 11.0 45.0 25.2 14.0 7.2 44.4 48.7 25.5 6.5 47.6 97.4 45.1 7.9 53.7 
3 10.5 5.4 9.5 49.0 26.0 14.0 6.6 46.2 50.3 24.9 6.6 50.5 99.0 44.3 7.7 55.3 
4 10.5 5.6 8.6 47.0 25.7 13.6 5.9 47.1 52.0 26.5 6.5 49.1 92.5 43.7 7.2 52.8 
5 10.7 5.8 10.3 45.5 27.3 13.9 5.9 49.0 52.1 23.9 6.4 54.0 104.2 46.1 6.8 55.8 
6 10.9 6.3 7.0 41.7 27.2 . 13.6 5.9 50.0 51.6 24.9 6.6 51.7 103.1 46.1 6.7 55.3 
7 10.0 5.3 8.1 47.4 28.9 14.4 6.1 50.0 53.5 26.7 6.7 50.1 107.8 49.6 6.4 54.0 
8 11.2 6.1 10.7 45.3 29.0 1404 5.6 50.2 54.2 28.1 6.1 48.2 99.4 45.7 7.8 54.1 
9 11.4 6.1 8.6 46.3 28.3 15.0 5.0 47.0 55.2 26.2 6.2 52.6 92.9 44.0 6.0 52.7 
10 lOA 5.3 7.3 49.5 28.4 14.6 5.3 48.7 54.5 26.9 5.6 50.7 105.8 47.7 7.0 54.9 
11 10.5 5.5 lOA 48.0 29.8 15.1 5.6 49.5 55.3 26.3 6.3 52.5 113.2 48.4 8.8 57.2 
12 11.5 6.0 10.2 47.7 31.2 14.8 6.0 52.7 51.7 25.1 6.5 51.4 103.0 44.5 6.8 56.8 
13 10.8 5.6 8.4 48.0 27.9 14.4 5.5 48.3 51.9 26.0 7.4 49.8 109.9 44.9 7.6 59.1 
14 11.9 6.3 11.6 46.9 30.4 15.2 5.8 50.0 52.9 25.2 6.3 52.4 109.1 45.1 7.3 58.6 
15 27.8 15.0 6.2 46.2 58.0 26.7 7.0 54.0 
Av~ 10.9 5.8 9.3 46.4 28.0 14.4 6.0 48.4 53.0 26.0 6.5 51.0 102.9 45.9 7.3 55.4 
Table 4.5 Summary of NWGT -coarse interface shear strengths from the laboratory testing 
programme 
cr, 11kPa 51 kPa 101 kPa 201 kPa 
No. 
" 
tu> D" ss 
" 
tLD D" ss 
" 
tLD D" ss 
" 
tLD D, ss 
I 10.4 8.2 57.8 21.2 36.2 29.2 21.9 19.2 68.5 54.3 14.9 20.8 134.4 118.2 11.0 12.0 
2 11.1 9.1 53.0 18.1 31.7 22.7 8.9 28.6 71.9 61.4 14.7 14.7 137.5 108.3 15.3 21.2 
3 11.1 9.3 43.5 16.2 36.6 29.9 23.7 18.2 83.3 67.2 58.4 19.4 137.7 122.6 16.5 10.9 
4 11.5 8.6 41.4 24.8 36.3 31.5 73.6 13.1 72.1 59.6 11.4 17.4 144.2 132.7 55.1 8.0 
5 11.1 8.8 45.0 21.0 34.6 26.7 11.9 22.9 71.8 66.8 26.4 7.0 134.2 118.4 16.1 11.8 
6 11.7 9.0 90.7 23.4 34.8 29.9 90.8 13.9 67.5 58.8 10.8 12.8 132.0 102.8 12.0 22.1 
7 12.0 9.4 59.7 21.9 35.1 31.0 33.1 11.7 68.9 56.0 13.0 18.7 135.4 103.1 13.1 23.8 
8 9.4 8.0 8.7 14.6 33.1 25.8 10.6 22.0 74.1 60.3 11.9 18.6 129.4 105.8 11.6 18.3 
9 12.2 8.6 38.4 29.3 33.9 28.3 16.3 16.5 68.2 51.5 11.8 24.6 133.3 100.0 13.6 25.0 
10 10.7 9.5 50.9 10.9 35.4 31.4 89.3 11.3 71.9 58.2 14.8 19.1 133.5 110.9 12.7 16.9 
11 10.4 8.9 45.7 15.2 33.5 28.7 34.7 14.5 73.4 60.3 10.8 17.8 143.4 107.0 14.4 25.4 
12 11.0 7.2 35.4 34.6 35.3 31.5 49.3 10.7 76.2 62.1 14.4 18.5 138.4 99.4 12.3 28.1 
13 8.3 6.4 5.3 22.8 33.5 25.6 14.1 23.6 73.9 62.6 14.4 15.3 156.2 131.9 15.0 15.5 
14 10.5 8.4 76.6 20.0 37.8 29.6 24.1 21.5 79.4 61.6 15.3 22.4 140.6 119.2 18.9 15.2 
IS 33.6 28.9 11.7 14.1 74.3 61.3 14.1 17.6 
Avg 10.8 8.5 46.6 21.2 34.8 28.7 34.2 17.4 no 60.1 17.1 17.7 137.9 112.9 17.0 18.1 
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Figure 4.5 Average'tp (solid lines) and 'till (dotted lines) of (a) TGM-fines, (b) TGM-NWGT 
and NWGT -coarse interfaces from repeatability datasets 
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Table 4.6 Average derived strength parameters using repeatability datasets 
Interface 
TGM-fines 
TGM-NWGT 
NWGT-coarse 
Peak interface shear strength 
Friction, op (') Adhesion, Up (kPa) 
21.0 2.9 
25.8 4.3 
34.0 2.3 
Large displacement interface shear strength 
Friction, OLD (') Adhesion, ClLD (kPa) 
12.0 2.2 
11.9 3.7 
29.0 1.9 
Figures 4.6 to 4.8 present all the available peak and large displacement interface shear 
strength datasets from global, interiab, Criley and repeatability testing for the three generic 
interfaces considered in this study. The upper and lower bounds are drawn using the global 
datasets such that 95.6% of the points are considered (Le. ± 2 stdev from the mean value). Most 
repeatability, interlab and Criley datasets are within the upper and lower bounds specified using 
global information, which may indicate that'tp and 'tLD of common geosynthetics brands and soil 
types usually fall within the specified bounds. Therefore, values that are outside these bounds 
may be considered as over or underestimation of interface shear strengths for these types of 
interfaces. Additionally, it is observed that global datasets display 3' to 5 times greater 
variability and uncertainty than that of repeatability tests. 
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4.3.1 Normality assumption 
In engineering, especially when dealing with reliability design, most variables are 
ubiquitously assumed to be normally distributed. This assumption is mainly attributed to the 
fact that most statistical inferences and tests for normality are well established. Law of large 
samples theory further strengthens the appropriateness of normality by implying that the 
average ofa random sample from a large population is likely to be close to the mean of the 
whole population. This indirectly favors the normality assumption since the expected value, say 
of a population distribution, can be best estimated by the mean of the random samples. 
Moreover, central limit theorem indicates that normality is a good assumption especially when 
many independent processes with finite variances contribute additively to produce the measured 
variable. The following section discusses whether a normal distribution can represent each 
group of interface shear strengths, and subsequently, be used to derived interface shear strength 
parameters based on the Monte Carlo approach outlined in Section 3.2. 
4.3.2 Graphical plots for interface shear strengths 
Histograms and normal probability plots are drawn to visually examine whether a normal 
distribution can represent 'tp and two When data points are insufficient to plot a histogram which 
would depict the shape of a distribution, only normal probability plots are drawn and normal 
hypothesis tested. As explained in Section 3.4.1, a normal distribution is considered a good fit if 
the data points on the normal probability plot yields a straight line. Figure 4.9 depicts the 
guidelines to aid in interpreting normal probability plots. The skewness and kurtosis for a 
normal distribution is 0 and 3.0, respectively. The vertical axis in Figure 4.9 is z scale or the 
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inverse transformation of the empirical cumulative distribution function (G-1[PiD defined in 
Equation (3.3), while the horizontal axis is the variable values. Figure 4.9(a) illustrates that if 
the data points are from symmetrical distributions (i.e. skewness equal to zero) except a normal 
distribution, the data points will form a mirrored S curve for kurtosis of less than 3, or an S 
curve for kurtosis of greater than 3 when plotted on normal probability charts. Likewise, if the 
data points originated from skewed distributions shown in insets of Figure 4.9(b), but are 
plotted on normal probability charts, the data points will deviate from a straight line and form 
either convex (e.g. negative skewness) or concave (e.g. positive skewness) curves. 
Consecutively, Figure 4.9(c) demonstrates the patterns of curves on normal probability plots if 
the data points are from mixture of normal distributions, truncated at left tail, truncated at right 
tail or containing outliers. These indications are used in subsequent discussions to judge 
whether the datasets can be represented by a normal distribution. 
Skewness = 0 
(a) Kurtosis < 3.0 
Symmetric 
Tails thinner 
than nonnal 
Skewness =0 
Kurtosis > 3.0 
Symmetric 
Tails thicker 
than nonnal 
Skewness <0 
(b) Skewed to left 
Mixture of Truncated at 
left tail 
Truncated at 
right tail (c) normal 
Note: Vertical axis, y = G-'(Pi) 
Horizontal axis, x = variable values 
Skewness > 0 
Skewed to right 
Outliers 
Figure 4.9 Indications of non-normality from the normal probability plots (after D' Agostino, 
1986a) 
.:. TGM-Fines 
The normal probability plots for 'tp and 'tLD of TGM-Fines interface from repeatability, 
Criley and global datasets are attached in Appendix G. In conjunction with coefficient of 
determination (R2) greater than 0.9, most datasets for rJpeatability and Criley (Appendix G) 
produce relatively straight lines in probability plots. However, some examples of the probability 
plots with low R2 (e.g. equal to or less than 0.9) in Figure 4.10 for repeatability and Criley 
datasets resemble those datasets with distribution skewed to right or truncated at left tail. Figure 
4.11 illustrates an example of probability plot for 'tLD using Criley dataset, in which the data 
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points form a concave shaped curve. This indicates that the dataset is skewed to right (Le. 
positive skewness), which is clearly depicted in the histogram. These are common attributes for 
incomplete or insufficient data points from tests with similar material and test conditions. 
3.0 3.0 3.0 
RepeataWily Repeatability 2.0 Criley 2.0 2.0 
• 
_'§ La L ~ • ~ • _& 1.0 :§ 1.0 • '() .' '0 .+ "CJ 0.0 11 0.0 ,;' R' = 0.8622 11 0.0 • R'= 0,904 ~ -1.0 » » • • 
-1.0 • -1.0 • • -2.0 • 
• an=llkPa • c>n=2OJkPa an = 35 kPa 
-2.0 -2.0 -3.0 
8 9 10 11 60 70 80 90 14 18 22 
X=~p (kPa) X=!p (!<pa) X=tLD (kPa) 
Figure 4.1 0 Probability plots of TGM-fines interface shear strengths with low R2 
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• 
.' 
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26 
Figure 4.11 Example of histogram with normal distribution and inset probability plot for 'tLD 
from TGM-fines Criley dataset at an of 35kPa 
Global datasets for TGM'fines interface shear strengths display various non-normality 
when plotted on normal probability charts. These are expected since the data points was 
compiled from tests with different materials and conditions, but was categorised into a similar 
generic interface. For example, the S shaped probability plot in Figure 4.12 predicts that the 
global dataset for 'tp at an of 20 kPa may be symmetrical, but with kurtosis greater than a normal 
distribution. The skewness and kurtosis calculated for the dataset are 0.93 and 4.32, which 
suggest that the dataset indeed is more sharply peaked than a normal distribution. 
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Figure 4.12 Example of histogram with fitted best-fit and normal distributions and inset 
probability plot for tp from TGM-fines global dataset at 0'. of 20kPa 
.:. TGM·NWGT 
The probability plots for TGM-NWGT interface shear strengths for repeatability, interlab 
and global datasets are attached in Appendix H. For repeatability datasets, the probability plots 
of'tp and 'tLD for the TGM-NWGT interface display higher linearity than those shown for the 
TGM-fines interface. However, probability plots for this interface using interlab and global 
datasets are also subjected to similar non-normality demonstrated by global datasets for the 
TGM-fines interface. An example probability plot using interlab dataset shown in Figure 4.13 
depicts a mirrored S shape, which indicates that the kurtosis of the dataset is less than 3.0. Since 
the kurtosis of 1.88 for this dataset is close to a uniform distribution (Le. kurtosis of 1.8), it can 
be observed from the histogram that the dataset is more uniformly distributed. Other histograms 
with insets of probability plots for interface shear strengths with the number of data points 
greater than 100 are included in Appendix H. 
INTERIAB: TGM·NWGT 
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'''0 
x 5.0 
~ 
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R=: = 0.9426 
.2.5 . '--",,-=-.:,:::.c::'1-' 
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X= ~p (kPa) 
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Peak interface shear strength, tp (kPa) 
Figure 4.13 Example of histogram with normal distribution and inset probability plot for 'tp 
from TGM·NWGT interlab dataset at O'n of 50kPa 
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.:. NWGT-coarse 
The probability plots for NWGT -coarse interface shear strengths are attached in 
Appendix I. Figure 4.14 illustrates that the data points for tp using NWGT -coarse repeatability 
dataset yields a relatively good straight line in probability plots, while the corresponding 
histogram indicates an encouraging depiction of a normal distribution. Conversely, Figure 4.15 
shows that the histogram would not reflect a normal distribution even when R2 is relatively 
high, which is a common pattern when there are insufficient data points. 
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Figure 4.14 Example of histogram with normal distribution and inset probability plot for tp 
from NWGT -coarse repeatability dataset at crn of 51 kPa 
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Figure 4.15 Example of histogram with normal distribution and inset probability plot for 'tp 
from NWGT-coarse repeatability dataset at cr. of201 kPa 
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GLOBAL: NWGT-Coarse 
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Figure 4.16 Example of histogram with normal distribution and inset probability plot for tp 
from NWGT -coarse global dataset at crn of 100kPa 
Similar to TGM-fines and TGM-NWGT interfaces, 'to and t10 from intedab and global 
datasets are subjected to various non-normality when plotted on a probability chart. An example 
of the histogram and its normal probability plot for 'tp at cr, of 100 kPa using a global dataset, 
which depicts normality in the data points, is shown in Figure 4.16. The histogram captures the 
shape of a normal distribution, while the probability plot yields a straight line with R2 of 0.992, 
which indicates a very good fit of the data to a straight line. Other histograms with insets of 
normal probability plots for global datasets, which contains more than 100 data points are 
attached in Appendix I. 
Table 4.7 Summary of fitting methods for TGM-fines for 1. and 't1O 
cy, R2 
kPa 'tp 'tLD 
7 0.82 0.89 
10 0.89 0.91 
Skewness Kurtosis Mean (kPa) Stdev (kPa) COY (%) 
1.95 1.48 7.41 7.01 2.09 1.72 6.3 4.60 1.2 
0.11 0.76 1.38 2.36 0.68 0.44 11.8 8.71 3.6 
0.8 
3.0 
19.0 16.3 
30.4 34.5 
20 0.93 0.96 0.93 0.56 4.32 2.89 1.06 0.69 14.6 11.9 1.8 1.7 12.2 14.6 
-;;; 35 0.72 0.87 2.26 1.45 8.13 5.64 5.18 2.17 25.2 19.6 7.0 4.3 27.7 22.1 
-g 49 0.93 0.96 0.51 -0.33 2.09 2.04 0.87 0.35 33.1 27.0 6.6 3.8 19.8 14.2 
0 73 0.93 0.95 0.82 0.40 3.04 1.90 0.51 0.24 50.5 43.8 15.6 13.6 30.8 31.0 
100 0.97 0.98 0.47 0.06 2.43 2.58 0.50 0.17 60.4 44.4 15.0 11.6 24.8 26.2 
146 0.96 0.97 -0:29 -0.26 2.06 1.88 0.38 0.41 84.8 55.3 15.6 16.1 18.4 29.2 
199 0.94 0.83 0.48 1.16 2.53 3.46 0.64 1.35 89.1 76.5 25.8 29.4 28.9 38.4 
>. 7 0.99 0.99 0.36 0.11 3.70 3.51 0.61 0.75 5.9 4.5 0.6 0.6 10.6 12.6 
" 'E 21 0.96 0.94 0.64 0.65 2.56 2.62 1.05 0.66 14.3 11.8 1.0 1.3 6.9 10.8 
U 35 0.99 0.97 0.73 0.93 4.59 3.76 0.50 1.27 21.8 19.0 1.4 1.8 6.6 9.7 
.\? 11 0.86 0.99 1.14 0.17 3.19 2.51 0.76 0.31 9.1 4.1 0.6 0.3 6.0 7.2 
'" '551 0.94 0.94 0.33 0.68 1.99 2.60 0.39 0.43 25.8 12.5 1.8 0.8 7.0 6.6 
i'l 101 0.89 0.97 -0.48 -0.18 3.12 2.39 0.58 0.275 47.9 24.29 3.1 1.0 6.4 4.3 
e-~ 201 0.90 0.92 0.85 0.65 2.75 2.32 0.52 0.504 72.8 42.64 7.4 1.8 10.2 4.3 
Note: Numbers in bold and italic reflect inconsistency to normality assumption-. -----------
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.:. Overall summary of graphical plots 
A few examples of histograms and probability plots of interface shear strengths are 
demonstrated above for visual inspection of whether datasets fit a normal distribution. Tables 
4.7 to 4.9 summarise the R2, skewness and kurtosis calculated for interface shear strengths using 
global, interlab, Criley and repeatability datasets. From the normality plots with high values of 
R2, it appears that a normal distribution may be used to represent most of the interface shear 
strengths at a selected normal stress for repeatability and Criley datasets. However, the interface 
shear strengths from interlab and global datasets display all types of non-normality depicted in 
Figure 4.9. The most common non-normality patterns for these datasets are positive skewness or 
truncation at left tail, and kurtosis smaller than that of a normal distribution. For the datasets 
considered in this study, the probability plots do not demonstrate outliers in the data points 
because any values that lie outside ± 2 standard deviation from the mean sample are disregarded 
during plotting. From these examples, histogram and normal probability plot are capable of 
providing an indication of a distribution type for a dataset, but the visualisations are 
inconclusive if the number of data points is insufficient. Therefore, further normality hypothesis 
tests are carried out to accept or reject the assumption. 
Table 4.8 Summary of fitting methods for TGM-NWGT for 'tp and ~LD 
an R' Skewness Kurtorsis A' Mean (kPa) Stdev (kPa) COY (%) 
kPa ~" ~LD ~. ~LD ~. ~LD 'tu "w 'tu ~w !u 'tw T. "rLD 
10 0.97 -0.18 1.76 0.28 14.1 3.0 21.3 
16 0.98 0.01 1.47 0.28 11.2 2.3 20.4 
<i 20 0.94 0.67 2.36 1.20 15.8 4.1 26.1 
~ 25 0.99 0.99 0.12 0.32 2.45 2.20 0.29 0.80 20.5 10.5 6.1 1.4 29.9 13.8 
Cl 50 0.94 0.99 0.56 -0.15 2.51 2.37 2.42 0.30 30.6 16.6 8.4 3.0 27.5 18.2 
100 0.97 0.98 0.58 -0.31 2.71 2.06 2.17 0.99 51.8 28.0 9.1 4.4 17.6 15.7 
200 0.99 0.95 0.28 0.20 2.32 1.91 0.52 1.06 102.4 50.5 15.1 9.2 14.7 . 18.3 
10 0.95 -om 1.73 0.29 15.6 2.0 13.1 
20 0.91 0.81 2.59 1.28 15.5 3.1 20.2 
.a 
..!!! 25 0.94 -0.32 1.70 0.46 25.1 1.8 7.2 ~ 50 0.94 0.34 1.88 0.78 32.1 7.3 22.6 
-100 0.96 0.39 2.20 1.09 56.5 7.7 13.6 
200 0.99 0.04 2.34 0.31 102.4 13.7 13.3 
.~Il 0.94 0.98 0.46 0.27 2.17 1.97 0.56 0.27 10.9 4.4 0.5 0.4 4.4 6.5 
:g 51 0.99 0.98 0.14 -0.27 2.34 1.93 0.13 0.33 28.0 5.3 1.5 0.5 5.3 3.1 
t3 101 0.96 0.98 -0.41 -0.58 2.67 2.26 0.24 0.49 53.0 26.0 2.0 0.9 3.7 3.5 
0-
~201 0.98 0.95 -0.22 0.57 2.23 2.31 0.20 0.29 102.9 45.9 5.4 1.5 5.3 3.4 
Note: Numbers in bold and italic reflect inconsistency to normality assumption. 
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Table 4.9 Summary of fitting methods for NWGT -coarse for'tp and ~LD 
cr, R' Skewness Kurtosis A' Mean (kPa) Stdev (kPa) COV(%) 
kPa ~, ~LD :Eo ~LD :Eo ~LD :Eo ~LD ~, ~Yl 't, ~LD 't, ~LD 
5 0.97 0.46 2.61 0.53 3.5 0.2 6.5 
10 0.87 0.15 1.22 0.54 13.8 5.5 39.5 
15 1.00 0.06 2.47 0.34 10.2 0.6 6.2 
20 0.98 0.74 3.41 0.71 19.0 5.8 30.6 
]25 0.92 0.98 1.03 0.38 3.85 2.78 1.63 0.42 21.2 17.2 5.4 0.9 25.3 5.1 
..9 50 Cl 0.99 0.95 0.20 0.83 2.62 3.74 0.38 0.52 39.6 36.0 8.1 4.3 20.3 11.9 
75 0.98 0.91 -0.Q4 0.76 2.57 2.75 0.20 0.28 51.8 54.8 5.3 7.5 10.3 13.8 
100 0.99 0.94 -0.05 0.26 2.21 2.79 0.56 0.98 75.0 70.9 14.7 9.6 19.5 13.5 
150 0.86 0.92 1.19 0.45 3.92 1.61 1.70 0.64 101.2 122.3 11.3 21.3 11.2 17.4 
200 0.99 0.96 -0.12 0.55 2.43 2.49 0,41 0.53 131.5 139.7 26.3 22.3 20.0 15.9 
10 20.2 1.0 5.1 
.0 20 0.94 0.81 3.15 0.82 18.3 5.9 32.0 
~25 0.97 -0.15 1.74 0.37 33.0 7.5 22.8 
~50 0.79 0.51 2.57 0.60 40.9 11.3 27.5 
100 0.98 -0.13 1.98 0.95 73.5 17.5 23.8 
200 0.97 -0.11 1.92 0.77 126.7 32.9 25.9 
,£11 0.92 0.91 -0.29 -0.86 2.96 2.73 0.27 0.51 11.0 8.6 0.7 0.7 6.7 8.0 
~ 51 0.98 0.93 0.Q3 -0.51 2.51 2.16 0.18 0.40 34.8 29.1 1.4 1.9 4.0 6.6 
gJ 101 0.93 0.94 0.35 0.17 2.70 2.90 0.34 0.34 72.4 60.7 3.2 3.3 4.4 5.4 il-
l>: 201 0.95 0.93 0.37 0.52 2.28 2.08 0.27 0.44 136.5 112.9 4.3 9.8 3.2 8.6 
Note: Numbers in bold mzd italic reflect inconsistency to normality assumption. 
4.3.3 Normality hypothesis for interface shear strengths 
In this study, the normality hypothesis is rejected if the computed Anderson-Darling A2 
test statistics for the sample exceed the critical values stated in Table 4.10. Additionally, the 
third (skewness) and fourth (kurtosis) statistical moments of the datasets are also tested for 
normality. The critical skewness values are taken for two-tailed tests at 5% significant level, 
which correspond to 1.074, 1.048 and 0.804 for sample sizes of 14, 15 and 30, respectively. A 
table of critical skewness values for different significance levels, and other sample sizes (e.g. 
global and interlab datasets) are attached in Appendix J. The hypothesis of normality is rejected 
if the computed skewness for the datasets are greater than the critical values. With similar 
sample sizes and level of significance, the acceptable kurtosis values range from 1.61 to 4.63, 
1.64 to 4.66 and 1.89 to 4.57 for the repeatability and Criley datasets. A table of critical kurtosis 
values for different significance levels and other sample sizes (e.g. global and interlab datasets) 
are attached in Appendix K. 
Table 4.1 0 Critical values for Anderson-Darling A 2 statistics corresponding to levels of 
significance for normality with J.l and cl unknown (Stephens, 1986) 
Level of significance 0.250 0.150 0.100 0.050 0.025 0.010 0.005 
Anderson-Darling A2 statistics 0.470 0.561 0.631 0.752 0.873 1.035 1.159 
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Tables 4.7 to 4.9 summarise the numeric values of the statistical methods used to 
determine normality for peak and large displacement interface shear strengths. The values 
which contradict the normality assumption are highlighted in bold and italic. From the tables, 
the assumption of normality is inconclusive for global and interlab datasets since there is no 
consistency in the reported R2, central moments or the Anderson-Darling A2 statistics for groups 
of interface shear strengths at each normal stress. This outcome is expected since global datasets 
are derived from various geosynthetic and soil materials that are similar, but not the same, 
which can be grouped into a generic interface. Both global and interlab datasets incorporate 
different levels of inaccuracy in equipment, errors of operators, and difference in testing 
procedures. 
For most repeatability and Criley datasets, the calculated Anderson-Darling goodness-of-
fit test statistics are less than the critical value of 0.752 at 5% level of significance, and this 
supports the normality hypothesis. Additionally, the computed kurtosis values demonstrate that 
the peakedness of the curves are between a uniform distribution (i.e., kurtosis=1.8) and a 
logistic distribution (Le., kurtosis=4). These values do not rule out a normal distribution (i.e., 
kurtosis=3) as a probable fit to the data. The datasets display both positive or negative 
skewness, which is not consistent with the normality assumption. However, these central 
moment attributes are common for relatively small sample sizes (Frey and Burrnaster, 1999)_ It 
can be concluded that a normal distribution is a plausible candidate distribution to represent 
both peak and large displacement measured shear resistances for the interfaces considered in 
this study, especially when using good quality of data such as repeatability and Criley datasets. 
Finally, a normal distribution is deemed unsuitable by some researchers (e.g. Marshall et 
al., 2001) because it can encompass negative values. However, this issue is insignificant for 
repeatability or Criley datasets since the variability and uncertainty inherit in the datasets are 
small, such that the probability of sampling a negative interface shear strength is less than 
0.01%. Moreover, the sampling of negative values can be avoided by truncating the lower tail of 
a normal distribution (e.g., ± 2 stdev from the mean). 
4.4 Statistical Variability of Interface Shear Strengths 
For probabilistic landfill engineering design, the variability of interface shear strengths 
constitute one of the most important input parameter and therefore, required quantification using 
reliable test results. This section discusses and compares the variability of 'tp and tLD using 
repeatability, Criley, interlab and global datasets. The variability are measured in terms of 
standard deviation (stdev) and coefficient of variation (COV), which is defined as the standard 
deviation divided by the expected or mean value. Together with mean values, these variability 
4-148 
Chapter 4 - LaboratOlY test results and analysis 
are used to obtain distribution parameters using the technique explained in the final part of 
Section 3.4.1. Additionally, the variability are later utilised to generate different shear stress-
displacement curves in numerical direct shear tests, which are within the envelopes of those 
obtained from laboratory tests. The variations of 'tp and 'tLD in subsequent discussions are in 
terms of COY, unless stated otherwise. 
4.4.1 Statistical variability of TGM-Fines interface shear strengths 
The variability and uncertainty of'tp and 'tLD corresponding to different On for TGM-fines 
interface are reported in Table 4.7 and plotted in Figure 4.17. From the figures, the peak 
interface shear strengths from both repeatability and Criley datasets demonstrate similar average 
variability of about 8% for normal stresses between lOkPa and 35kPa. For a normal stress less 
than IOkPa, the Criley dataset displays variability about 13%, while for normal stresses greater 
than 35kPa, the repeatability dataset presents variability of approximately 9%. Although the test 
conditions for Criley and repeatability are different, both interface shear test programmes were 
conducted at relatively high displacement rates for fine-grained soil (Le., producing essentially 
undrained shearing conditions). The variability computed using Criley's dataset for low normal 
stresses and the repeatability dataset for high normal stresses can be fitted by a power function 
curve given in Equation (4.1). The combined repeatability and Criley dataset provides an 
increased confidence in typical variability for peak interface shear strengths to be expected for 
this generic interface. 
COVCrp ) = 11.7880"n -0.0687 (4.1) 
For large displacement interface shear strengths, the Criley dataset displays variability of 
12% to 14% for normal stresses of less than or equal to 35kPa, while the repeatability dataset 
shows variability of 5% to 8% for normal stresses ranging from IlkPa to 201kPa. Similar to 
variability of'tp, COy s of'tLD decrease gradually with increasing On> to almost a constant value 
at high 0 •. From Figure 4.17, the variability of'tp and 'tLD computed using global datasets are 
three to six times greater than those using repeatability datasets. 
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Figure 4.17 Variability of'tp and 'tLD for TGM-fines in tenns of stdevs and COVs 
4.4.2 Statistical variability of TGM-NWGT interface shear strengths 
Table 4.8 summarises the statistical variability of'tp and 'tLD for TGM-NWGT interface at 
corresponding crn• It can be observed in Figure 4.18 that the variability of 'tp is about 5% 
throughout the range of nonnal stresses. and about 4% to 7% for 'tLD using the repeatability 
dataset. The variability in this interface is more consistent and lower than TGM-fines interface 
because geosynthetics are manufactured materials with controlled quality. Furthennore. the 
variability of 'tLD is smaller than 'tp• and this could be associated with the combing of the non-
woven needle-punched geotextile as shearing progresses. fonning a more unifonn interaction. 
The average variability of 'tp and 'tLD using global datasets are about 4 to 5 times greater than 
those obtained using repeatability datasets. 
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Figure 4.18 Variability of'tp and 'tLD for TGM-NWGT in tenns of stdevs and COVs 
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4.4.3 Statistical variability of NWGT-coarse interface shear strengths 
The statistical variability of'tp and 'tw for the NWGT -coarse interface are tabulated in 
Table 4.19, and shown in Figure 4.19. For repeatability datasets. it can be seen that large 
displacement shear strengths display greater variability than their peak counterparts. This 
phenomenon is a result of erratic shear behaviour demonstrated by this interface during shearing 
at large displacements, in which the coarse soil (i.e. gravel) deforms, particles roll avers each 
other, and this causes the loading plate to tilt. This further induces an element of uncertainty in 
the normal load acting on the shearing plane. The NWGT-coarse interface shear strengths using 
repeatabiJity dataset yields COV of 4% to 7% and 6% to 10% for 'tp and 'tw, respectively. The 
higher percentage of variability corresponds to lower applied normal stresses. Using global 
datasets, the variability of Tp and 'tw range from 10% to 40% and 5% to 18%, respectively. 
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Figure 4.19 Variability ohp and 'tw for NWGT-coarse in terms of stdevs and COVs 
4.4.4 Overall summary of variability of interface shear strengths 
To summarise, interface shear strengths between two geosynthetics display less 
variability compared to interfaces involving soils. The variability computed from laboratory 
testing programmes (Le. repeatabiIity and Criley datasets) for peak interface shear strengths are 
in the range of 4% to 11 % for normal stresses of less than or equal to 200kPa. Meanwhile, the 
large displacement interface shear strengths demonstrate variability of approximately 3% to 
13% for same range of normal stresses. In general, the variability of'tp and 'tw computed using 
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global datasets are three to six times greater than those calculated using repeatability datasets. 
Dixon et al. (2006a) have demonstrated that variability and uncertainty obtained from a global 
database should not be used in a reliability analysis since they yield very high failure 
probabilities. 
When power functions are fitted using repeatability and Criley datasets to obtain an 
empirical relationship between the variation and applied normal stresses, the variability of 'tp 
and 'till for all three interfaces reached relatively constant COY values at high normal stresses. 
These relationships may be used in future to quantify variability of interface shear strengths for 
the generic interfaces considered in this studies, but further good quality testing is required for 
verification. 
4.5 Statistical Variability of Derived Strength Parameters 
The probability distributions and statistical moments of derived strength parameters 
(interface friction angle, 0 and adhesion, a) are generated based on the Monte Carlo sampling 
approach outlined in Section 3.4.2. The variability associated with these parameters are 
presented in subsequent discussions. Additionally, the pros and cons of using these parameters, 
which are derived from site-specific results (e.g. repeatability and Criley datasets) are compared 
against global information obtained from literature studies. A simple probabilistic analysis is 
conducted at the end of this section to illustrate the significance of quantifying variability of 
interface shear strength parameters using good quality data. 
The variability in the following sections are expressed in term of COV. Most of the 
discussions are focused on variability generated using repeatability and Criley datasets because 
they are representative and most likely to occur for a given interface used in a project. However, 
the strength parameters generated using global and interlab datasets are also presented in the 
related tables to illustrate the maximum possible variability and uncertainty for the interface. 
This provides a comparison to the repeatability results and should encourage the use of data 
from repeatability testing programmes especially for interfaces not considered in this study. 
The terms 'LOW' and 'HIGH' refer to Coulomb failure envelopes generated using 
interface shear strengths corresponding to normal stresses of less than or equal to 50kPa± 10%, 
and normal stresses between 50kPa± 10% to 200kPa± 10%, respectively. The positions of 
probability density curves are irrelevant since they are material specific. However, the shape of 
the curve is of interest (e.g. kurtosis) because it indicates the variability of the generated 
interface shear strength parameters. A sharp peak depicts small variability and vice versa. 
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4.5.1 TGM-fines interface shear strength parameters 
Figure 4.20 shows probability density curves for TGM·fines peak and large displacement 
interface shear strength parameters generated for both LOW and HIGH normal stress ranges. 
For the low normal stress range, the global dataset demonstrates a very flat curve and this would 
yield a very conservative result if used in reliability analysis (McCartney et al., 2004; Dixon et 
al., 2006a). In comparison to repeatability dataset, Criley dataset exhibits almost the same 
variability in peak and large displacement interface shear friction angles but a much higher 
range of interface adhesions. The difference in variability of interface shear strengths and 
derived parameters between Criley and repeatability datasets may be influenced by the test 
conditions during shearing in the Criley tests (i.e. saturation and submergence stages). It can 
also be observed in Figure 4.20 that the variation of Up for repeatability HIGH is significantly 
greater than for repeatability LOW. This indicates that Up generated from interface shear 
strengths at high normal stresses are subjected to greater uncertainty than those generated at low 
normal stresses due to extrapolation to y-axis. This could justify a possible practice of ignoring 
interface adhesion for high normal stress applications such as for the design of a landfill basal 
lining systems . 
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Figure 4.20 Probability density curves for generated TGM-fines interface shear strength 
parameters 
The variability of peak (0" and Up) and large displacement (OLD and ULD) interface shear 
strength parameters are summarised in Table 4.11 and Table 4.12, respectively. Similar to 
interface shear strengths, the derived strength parameters using global and interlab datasets 
display much greater variability than repeatability and Criley datasets. Using repeatability 
dataset, COVs of Op and Sw are approximately 11 % to 17% and 7% to 11 %, respectively, while 
the variability of Up and ULD are in the order of 19% to 35% and 25% to 43%, respectively. For 
TGM-fines interface, the variability of derived peak and large displacement strength parameters 
are almost equivalent. 
Table 4.11 Variability ofTGM-fines peak interface shear strength parameters 
crn Category lip (stdev) COVsp a" (stdev) COVfX" tan lip (stdev) COVlllllSp 
• % kPa % % 
LOW Global 30.74 (6.36) 20.70 3.43 (2.66) 77.58 0.6 (0.15) 24.81 
Criley 29.53 (2.41) 8.18 2.09 (0.96) 45.95 0.57 (0.06) 9.81 
Repeatability 22.54 (2.3) 10.20 4.55 (0.86) 18.90 0.42 (0.05) 11.32 
mGH Global 20 (8.27) 41.33 21.75 (16.44) 75.55 0.37 (0.17) 44.98 
Repeatability 16.89 (2.82) 16.70 12.98 (4.43) 34.15 0.3 (0.05) 17.72 
Table 4.12 Variability ofTGM-fines large displacement interface shear strength parameters 
cr. Category op (stdev) COVpp a" (stdev) COVa" tan op (stdev) COVUl!lOP 
• % kPa t}() % 
LOW Global' 26.98 (4.26) 15.79 1.97 (1.91) 96.92 0.51 (0.09) 18.3 
Criley 27.28 (3.11) 11.4 0.9 (1.07) 118.61 0.52 (0.07) 13.26 
Repeatability 11.92 (1.21) 10.11 1.75 (0.44) 25.04 0.21 (0.02) 10.41 
mGH Global 16.84 (8.74) 51.91 16.16 (16.12) 99.75 031 (0.17) 54.95 
Repeatability 11.21 (0.77) 6.86 3.15 (1.35) 42.84 0.2 (0.01) 7'()4 
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4.5.2 TGM-NWGT interface shear strength parameters 
Figure 4.21 illustrates the probability density distribution of derived strength parameters 
for TGM-NWGT interface. It can be seen that the variability of lip and Ow at LOW and HIGH 
for repeatability datasets are almost the same. Similar to TGM-fines. the scatters of <Xp and aLD 
at LOW are less than those exhibit at HIGH normal stress applications. From Table 4.13 and 
Table 4.14, the variability of op at low and high normal stress ranges using repeatability dataset 
are in between 7% to 9%, while the spreads of Ow are in the range of 6% to 7%. The <Xp and aLD 
for high normal stresses display large COY s and are unreliable, while variability for low normal 
stresses are 13% and 15%, respectively. In general, variability of OLD and aLD for TGM-NWGT 
interface are significantly less than those display for TGM-fines and NWGT -coarse interfaces 
owing to the absence of interaction between soil particles during shearing, which is controlled 
by the density of soil at the interface. 
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Figure 4.21 Pdf curves for derived TGM-NWGT interface shear strength parameters 
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Table 4.13 Variability ofTGM-NWGT peak interface shear strength parameters 
cr, Category 0, (stdev) COY"~ 2j, (stdev) COVa" tan Q" (stdev) COVt;mor> 
0 % . kPa (If,' % 
LOW Global 23.04 (10.43) 45.26 9.46 (4.72) 49.85 0.44 (0.222) 50. OS 
Interlab 23.04 (9.41) 40.86 10.52 (3.99) 37.93 0.44 (0.203) 46.24 
Re2eatabilit~ 23.14 (1.9) 8.21 5.95 (0.76) 12.77 0.43 (0.039) 9.17 
mGH Global 25.52 (5.55) 21.75 5.23 (12.27) 234.55 0.48 (0.119) 24.73 
Interlab 24.47 (5.08) 20.77 10.56 (11.00) 104.24 0.46 (0.108) 23.42 
Re2eatabilit~ 26.51 (1.82) 6.86 2.27 (3.30) 145.45 0.5 (0.04) 7.94 
Table 4.14 Variability of TGM-NWGT large displacement interface shear strength parameters 
cr, Category Q" (stdev) COVful 2j, (stdev) COVa" tan 0, (stdev) COVtlln 8Q 
0 % kPa % % 
LOW Global 10.57 (5.4) 51.06 7.42 (3.1\) 41.97 0.19 (0.099) 52.32 
Re2eatabilit~ 12.14 (0.81) 6.67 3.35 (0.51) 15.14 0.22 (0.015) 6.87 
mGH Global 12.71 (3.74) 29.43 5.31 (5.97) 112.45 0.23 (0.069) 30.38 
Re~atabilit~ 11.75 (0.62) 5.31 4.16 (1.01) 24.37 0.21 (0.011) 5.46 
4.5.3 NWGT-coarse interface shear strength parameters 
Figure 4.22 shows the probability density curves for 0 and 0: at peak and large 
displacements for NWGT -coarse interface. The flat curves for strength parameters using 
interlab and global datasets would yield a very conservative result when use in probabilistic 
designs. Table 4.15 and Table 4.16 summarise the statistical moments of peak and large 
displacements interface shear strength parameters. The generated peak and large displacement 
friction angles exhibit variability of about 4% to 6% and 9% to 11 %. For the low normal stress 
range, peak and large displacement adhesions display scatter between 25% and 39%. The scatter 
of adhesion values for high normal stress range is so large that it warrants a cautious estimation 
when used in design . 
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Figure 4.22 Probability density curves for generated NWGT -coarse interface shear strengtb 
parameters 
Table 4.15 Variability ofNWGT-coarse peak interface shear strength parameters 
Cln Category 0, (stdev) COVs, a" (stdev) COVa, tan 0, (stdev) COVI'~no~ 
n £?f; kPa !fc; (1,,(1 
LOW Global 32.3 (9.9) 30.7 6.3 (6.2) 98.6 0.66 (0.25) 37.3 
Interlab 32.0 (14.5) 45.2 15.2 (9.6) 63.3 0.68 (0.38) 55.0 
ReEeatabilinc 30.7 (1.7) 5.4 4.2 (1.0) 24.9 0.59 (0.04) 6.6 
mGH Global 31.5 (6.8) 21.7 8.8 (14.9) 169.5 0.62 (0.16) 26.3 
Interlab 28.6 (10.5) 36.8 14.3 (21.9) 152.4 0.57 (0.24) 42.7 
ReEeatabilit~ 33.9 (1.3) 3.7 1.6 (3.1) 185.8 0.67 (0.03) 4.8 
Table 4.16 Variability of NWGT-coarse large displacement interface shear strength 
parameters 
Cln Category 0, (stdev) COVoP ~(stdev) COVa" tan 0, (stdev) COVl'afJOP 
n % kPa % 0h 
LOW Global 36.2 (3.83) 10.57 -0,67 (1.39) -209.15 0.74 (0.10) 13.94 
ReEeatabilit~ 27.1 (2.31) 8.52 2.67 (1.04) 39.0S 0.51 (0.05) 9.91 
mGH Global 36.01 (5046) 15.15 0.86 (12.26) 1423.56 0.74 (0.15) 19.78 
ReEeatabilit~ 28.86 (3.1) ]0.74 2.14 (5.59) 260.67 0.55 (0.07) 12.77 
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4.5.4 Distribution types for derived strength parameters 
Theoretically, the best candidate distribution for derived strength parameters is the beta 
distribution because it confines the sampling of values within the lower and upper bounds, 
which represent the subjective judgment on the minimum and maximum values that can occur 
for the interface shear parameters. Given any two statistical moments (e.g. mean and standard 
deviation), the two shape parameters for beta distribution can be computed. Moreover, Oboni 
and Bourdeau (1985) presented a simplified formulation to reduce the computation effort to 
obtain the shape coefficients by using rough estimation of the minimum and maximum values. 
However, when the upper and lower bounds are 'narrow' and the coefficient of variation is high 
(i.e. the expected value is low), the probability density curve for a beta distribution would be 
shaped convex in order to yield an area of 1.0 underneath the curve. This indicates that most 
values would be sampled either on maximum or minimum values. For this case, the normal 
distribution truncated at possible upper and lower bounds is more representative than a beta 
distribution as most values would be sampled at the 'mid' range. Furthermore, a normal 
distribution is also a plausible candidate to represent the strength parameters since the derived 
parameters are generated using a linear Coulomb relationship from strength groups that are 
normally distributed. The truncation of data depends on the quality of available information and 
past experience with the materials involved. If the laboratory tests are carried out using site-
speficic material and conditions, the truncation can be specified at plus and minus two standard 
deviations from the mean value since most test data are located within this range. For derived 
parameters, or in cases with a lack of test information, the bounds can be located based on 
experience and physical significance of the variable. Therefore, the sampling of shear strength 
parameters using Monte Carlo approach for series of stability and integrity analyses in this 
study are either based on a normal distribution if the probability of sampling insensible values 
are small, or a beta distribution. However, if both distributions are found to be unsuitable, the 
sampling values are generated based on normal distribution with tails truncated at possible 
bounds. 
4.5.5 Comparison of PI using global and repeatability datasets 
Interface shear strength parameters and their variability is one of the most significant 
input parameters for probabilistic landfill engineering designs. Similar to interface shear 
strength, the variability of friction angle derived using global datasets are two to seven times 
greater than those exhibit using repeatability datasets. Therefore, the uncertainty in selection of 
interface shear strength parameters from a global database and from laboratory measurements is 
examined to assess the impact on engineering design. 
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A simple veneer cover soil stability design is utilised to illustrate the impact of different 
degrees of uncertainty and variability of interface shear strength and their influence in decision 
making. For this example, the stability calculation is based on formulations from Giroud et al. 
(1995b), which are presented later in Chapter 6. The cover soil is assumed dry with uniform 
thickness of 1 m, height of 30 m, and slope of 21.8°. The weakest interface is the TGM-fines 
interface. The peak shear strength is adopted as recommended for veneer cover design in the 
case where the veneer cover slope is lower than the interface shear strength (Stark and Choi, 
2004). Using the peak shear strength parameters derived from repeatability and global datasets 
from the low normal stress range (Table 4.11), the factor of safety (FS) for the cover soil 
stability are 1.76 and 2.04, respectively, which both satisfy a typical requirement of 1.5. 
However, the computed FS is ambiguous since the design parameters are subjected to 
uncertainty. Therefore, the second acceptance criteria (e.g. probability of failure) is adopted to 
increase confidence in the computed FS. 
In this example, only the uncertainty of interface shear strength (COV,) is considered to 
contribute to the uncertainty of the strength (COV"",ngth) for the cover soil system (COV, '" 
COV,,,,,ngth). COV,can be directly obtained from measured shear strengths corresponding to the 
applied normal stress, or computed from strength parameters using Taylor series approximation 
attached in Appendix L. Possible negative correlation between the interface shear strength 
parameters (Criley and Saint John, 1997) is not taken into account, which is on the safe side. 
Using Taylor series approximation, COV,,,,,ngth are computed as 10.2% and 26% for repeatability 
and global datasets, respectively. The uncertainty in terms of coefficient of variation for 
mobilised shear stress (COV,""ss) is taken as 0.1, which reflects a typical static landfill stability 
analysis (McCartney et al., 2004). Subsequently, the reliability index (~) and failure probability 
(P,) of the veneer cover soil system can be calculated using Equations (4.2) and (4.3). 
fJ= 1-l/FS 
2 2 / 2 COVstrength + COVstress FS 
(4.2) 
Pj = <1>( -fJ); where <1> is the standard normal cumulative distribution function (4.3) 
Figure 4.23 is constructed with COV"",ss of 0.1 but different degree of COV,""ng'" It can 
be observed from the figure that Pr using global input parameters fails to satisfy the acceptable 
or target failure probability, say, of 1 X 10.2 or less. Consequently, the factor of safety required to 
reach the same level of safety or the same acceptable failure probability (i.e. assumed to be 
lxlO·2) using information from the global database needs to be increased from 2.04 to 2.57. This 
would suggest a shallower veneer slope to increase the factor of safety, which is undesirable for 
a landfill developer. Alternatively, project-specific interface shear tests could be conducted to 
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treat, and hence reduce, uncertainty in the global database from COV'Ire'gth of 26% to 21 % or 
less. 
The example above demonstrated that the probabilistic approach can be utilised to 
account for uncertainty in landfill design and assists in determining a suitable factor of safety. 
Without project-specific testing, the high uncertainty associated with interface shear strengths 
obtained from a global database require a higher factor of safety to achieve an acceptable 
probability of failure. Therefore, project-specific testing is a fundamental requirement in any 
engineering design to instil confidence in the performance of a design. Additionally, the impact 
of different degrees of uncertainty in the system can be highlighted using probabilistic approach 
to produce a more robust design. A more comprehensive design of veneer cover soil stability, 
which takes into account other design parameter uncertainties is presented in Chapter 6. 
0.04 -rr----.,----------r--.----y-----, 
0',= LOW 
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0.02 
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Coefficient of variation for shear strength (COV'h"gth) 
0.40 
Figure 4.23 Comparison of variability between global and repeatability interface shear 
strengths 
4.6 Interface Shear Strength Parameters for FLAC Analysis 
In current practice, either peak or large displacement interface shear strengths are used for 
calculation of engineering designs related to stability based on limit equilibrium method. 
Therefore, the statistical moments presented in the previous sections are sufficient to satisfy 
both deterministic and probabilistic designs. To investigate the integrity of a lining system 
through numerical analysis, these statistical moments need to be interpolated at several 
displacements to capture the strain softening behaviour of the interface. The procedures to 
evaluate the variability of interface shear strength parameters corresponding to different 
displacements are explained in Step 5 of Section 3.10.2. 
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4.6.1 Strain-softening interface shear strength parameters 
The mean values of interface shear strength parameters at corresponding displacements 
for TGM-fines, TGM-NWGT and NWGT-coarse are shown in Figures 4.24, 4.25 and 4.26, 
respectively. The displacement-friction relationship for alI three interfaces is defined with 7 
adjoining linear segments. It is observed that friction-displacement linear segments for alI three 
interfaces can approximately capture the average friction-displacement curves obtained using 
repeatability datasets except at applied normal stress of 11 kPa. 
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Figure 4.24 TGM·fines interface strain·softening shear strength parameters for FLAC landfill 
model 
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Figure 4.25 TGM·NWGT interface strain·softening shear strength parameters for FLAC 
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Figure 4.26 NWGT ·coarse interface strain·softening shear strength parameters for FLAC 
landfill model 
Tables 4.17 to 4.19 present the distribution parameters for interface shear strength, which 
are used to generate friction angles and adhesions for different shear strength·displacement 
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curves, so that they lie within the envelopes of those obtained from the laboratory direct shear 
tests. The variability of interface shear strength parameters at certain displacements are 
evaluated based on interpolation as described in Section 3.10.2. Since the probability of 
sampling extreme values for adhesion is high due to large COV, a beta distribution is used to 
represent ex values. The formulations to obtain the beta distribution parameters for adhesion are 
presented in Step 6 of Section 3.10.2. 
Table 4.17 Variability of TOM-fines interface strain-softening parameters at corresponding 
displacements 
Displ. Friction COY Stdev Displ. Adhesion COY Stdev Beta distribution Earameter 
(mm) (') (%) (') (mm) (kPa) (%) (kPa) min max A., A., 
0.0 0.0 0.0 0 0.0 0.0 0.0 0.00 0.00 0.00 0.000 0.000 
0.5 14.0 0.9 0.13 6.6 2.9 41.1 1.20 0.52 5.00 1.702 1.487 
3.5 19.0 6.3 1.19 9.8 2.2 14.7 0.32 1.54 2.82 1.254 1.254 
7.5 21.0 13.4 2.82 100.0 2.2 14.7 0.32 1.54 2.82 1.254 1.254 
15.0 19.0 12.7 2.42 
30.0 14.0 11.4 1.59 
60.0 12.0 8.6 1.03 
100.0 12.0 8.6 1.03 
Table 4.18 Variability of TOM-NWOT interface strain-softening parameters at corresponding 
displacements 
Displ. Friction COY Stdev Displ. Adhesion COY Stdev Beta distribution Earameters 
(mm) (') (%) (') (mm) (kPa) (%) (kPa) min max A., A., 
0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.00 0.00 0.00 0.000 0.000 
0.8 11.5 0.9 0.10 7.3 4.3 10.5 0.45 3.43 5.25 1.451 1.451 
3.0 20.0 3.2 0.65 10.9 3.7 8.6 0.32 3.07 4.35 1.251 1.251 
6.5 25.8 7.0 1.80 100.0 3.7 8.6 0.32 3.07 4.35 1.251 1.251 
20.0 17.5 6.7 1.18 
42.0 14.0 6.3 0.88 
80.0 11.9 5.6 0.66 
100.0 11.9 5.6 0.66 
Table 4.19 Variability of NWGT -coarse interface strain-softening parameters at corresponding 
displacements 
Displ. Friction COY Stdev Displ. Adhesion COY Stdev Beta distribution Earameters 
(mm) (') (%) (') (mm) (kPa) (%) (kPa) min max A., A., 
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00 0.00 0.00 0.000 0.000 
1.5 17.0 0.51 0.09 28.6 2.3 37.2 0.85 0.59 3.99 1.730 1.730 
6.5 31.0 2.19 0.68 43.0 1.9 51.8 0.96 0.00 3.77 1.640 1.700 
12.0 34.0 4.05 1.38 100.0 1.9 51.8 0.96 0.00 3.77 1.640 1.700 
30.0 31.5 5.61 1.77 
50.0 30.5 7.34 2.24 
80.0 29.0 9.94 2.88 
100.0 29.0 9.94 2.88 
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Once normal and beta distributions are assigned to friction and adhesion variables. 250 
random sampling values are generated using BestFit software. The sampling process is repeated 
three times with different seed numbers and the interface shear strength parameters at each 
iteration for the three simulations are averaged to obtain results that are close to the true mean 
value of the population distribution. The distributions of average friction and adhesion values at 
different displacements for TGM-fines. TGM-NWGT and NWGT-coarse are attached in 
AppendixM. 
4.6.2 Validation of strain-softening interface shear strength parameters 
Tables of displacement-friction angle and displacement-adhesion to be utilised for 
numericallandfill model are validated so that the applied values would produce equivalent shear 
strength-displacement curves obtained from the laboratory tests. A diagram of the numerical 
direct shear test used in this study is illustrated in Figure 4.27. The shear plane is 300 mm in 
length and consists of 30 interface segments. The bottom shear box is fixed in both x-y 
directions. while the upper shear box is restrained in the vertical direction. The horizontal 
displacements are forced at the velocity of 5e-6 m per step until 0.1 m are achieved. Normal 
pressure corresponding to laboratory testing is applied at the crest of upper shear box. The shear 
stresses are recorded at intervals of 200. 500 and 1000 steps. which commence from zero to 
0.01 m. 0.01 m to 0.035 m and 0.035 to 0.1 m of displacements. respectively. The average 
shear stress along the shear plane are calculated as follows: 
l' = "(1" .. L· . lV" L· . ~ t.) t,} L-J I,} (4.4) 
where Lij is the length of interface segment. and i. j are local coordinates designated for that 
interface segment. 
450 mm 
Figure 4.27 Numerical direct shear test 
Because Microsoft Excel chart is limited to 255 series. only the first 240 interface shear 
stress-displacement curves from the numerical direct shear test realisations are plotted. Figures 
4.28 to 4.30 show a comparison of interface shear stress-displacement curves obtained from 
numerical and laboratory direct shear tests for TGM-fines. TGM-NWGT and NWGT -coarse 
interfaces. respectively. It can be observed that most of the generated curves are within the 
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envelopes of shear stress-displacement curves obtained from the repeatability testing 
programme except at applied normal stress of 11 kPa. At Cl. of 11 kPa. the primary 
discrepancies of shear stresses for TGM-fines and NWGT-coarse occur at pre-peak and post-
peak displacements. respectively. in accordance to the poor displacement-friction fitting 
presented in Section 4.6.1. Likewise. the discrepancies in shear stresses for TGM-NWGT 
manifest at pre-peak and post-peak displacements at Cl. of 11 kPa. 
The remaining sections in this chapter are dedicated to obtaining other input parameters 
related to interfaces and geosynthetics for series of numerical analyses. The input parameters 
include the interface shear stiffness (k,), and secant elastic moduli of geomembrane (ErGM) and 
geotextile (ENWGT). Only good quality data from laboratory testings are used to find the 
distribution types of the variables and subsequently, 250 sampling values for series of numerical 
analyses are generated based on the postulated distributions. Each of the 250 values are an 
average of three samples obtained using the Monte Carlo approach with different seed numbers. 
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Figure 4.28 Comparison between laboratory testing programme and FLAC direct shear test 
results for TGM-fines interface 
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results for TGM-NWGT interface 
4.7 Interface Shear Stiffness 
Secant interface shear stiffness (k, in stress/displacement unit) corresponding to an of 201 
kPa is used for numerical analyses in this study. The modulus is obtained by dividing the peak 
shear strength over its corresponding displacement (Dp). 
The peak shear strength at an of 201 kPa is assigned a normal distribution with statistical 
moments discussed in Section 4.4, while the peak displacement is designated a uniform 
distribution assuming that there may be equal chance of occurrence. The 'tp and Dp are sampled 
250 times based on these distributions using the Monte Carlo approach, and k, is calculated. The 
process is repeated three times with different seed numbers, and k, is taken as the average value 
of each iteration. The distribution parameters to generate k, values, and the postulated output 
normal distribution for k, are summarised in Table 4.20. The distribution of k, based on 250 
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iterations for TGM-fines, TGM-NWGT and NWOT-coarse interfaces, which will be used in 
numericallandfill model, are shown in Figure 4.31. The coefficient of variation of k, for TOM-
fines, TOM-NWOT and NWOT-coarse interfaces are 11.0%, 7.2% and 8.3%, respectively. 
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Figure 4.30 Comparison between laboratory testing programme and FLAC direct shear test 
results for NWOT -coarse interface 
Table 4.20 Input and output probability distribution parameters involved for k, 
Interface 
TGM-fines 
TGM-NWGT 
NWGT-
coarse 
Input probability distributions 
Normal Uniform 
(mean, stdev) (min, max) 
tp @ 200 kPa Dp (mm) 
(12.8,7.4) (7.0, 12.5) 
(102.9,5.4) (5.9,8.8) 
(136.5,4.3) (10.0,16.0) 
Output probability distributions 
Normal Beta 
(mean, stdev) GI.j, A.z, min, max) 
k, (Palm) le, (pa/m) 
(6.84e6,7.57e5)* (3.3,4.4, 4.87e6, 9.40e6)* 
(1.2ge7,9.32e5)* 
(9.80e6,8.02e5)* 
Note: * denotes fitted using maximum likelihood estimation (MLE) in BestFit. 
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Figure 4.31 Distributions of secant k, for (a) TGM-fines, (b) TGM-NWGT and (c) NWGT-
coarse interfaces based on 250 sampling values 
4.8 Geosynthetics Tensile Information 
Since the geosynthetics are subjected to unknown levels of strain, secant tensile elastic 
modulus is assigned to investigate the strains and stresses that are developed in the lining 
system due to mechanical waste settlement. Examples of load-strain curves from tensile tests in 
machine direction for TGM and NWGT used in this study are shown in Figure 4.32. The design 
secant tensile modulus, E,"'O«"'ig"J' is computed by dividing the corrected peak yield tensile stress 
with the corresponding corrected strain. These corrections and their formulations are presented 
in Section 3.10.3. Tables 4.21 and 4.22 summarise the tensile information for TGM and NWGT, 
while the individual uniaxial tensile tests for TGM and wide-width tensile tests for NWGT are 
attached in Appendix N and Appendix 0, respectively. From the tables, the average E"ec(d"ignJ 
for TGM and NWGT are about 64% and 134% higher than Et"", without any correction. The 
COY of E,sec(d"ig"J computed for TGM and NWGT are 25% and 24%, respectively. 
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Figure 4.32 Example of tensile stress-strain curve for (a) TGM and (b) NWGT used in this 
study 
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Table 4.21 Summary of tensile information for TGM 
Thickness FI)' Et Et" v crI)' E,sec(Psi Etsec(deSi~) (mm) (N) (%) (%) (-) (N/mm') (N/mm) (N/mm) 
Minimum 2.00 198.00 15.50 14.41 0.41 19.65 94.38 108.53 
Average 2.00 232.75 21.49 19.40 0.44 23.12 153.65 176.70 
Maximum 2.00 281.10 36.00 30.75 0.45 26.96 226.43 260.40 
Stdev 23.21 4.35 3.55 0.01 1.90 38.57 44.36 
COY (%) 10.0 20.3 18.3 2.2 8.2 25.1 25.1 
Table 4.22 Summary of tensile information for NWGT 
Thickness FlY Et En, v cr" E''''(P'i EtseC(deSi~) (mm) (kN) (%) (%) (.) (N/mm2) (Nfmm) (Nfmm ) 
Minimum 6.45 11.46 71.60 54.00 0.21 9.92 13.22 19.83 
Average 7.96 13.25 98.01 68.01 0.23 11.84 18.83 28.25 
Maximum 9.03 15.57 127.16 82.05 0.24 15.43 27.52 41.29 
Stdev 1.26 0.81 . 15.78 8.03 om 1.66 4.57 6.85 
COY (%) 15.8 6.1 16.1 11.8 4.2 14.0 24.3 24.3 
The computed E'rec(de,;gn) values from 49 uniaxial tensile tests for TGM, and 35 wide-
width tensile tests for NWGT are fitted to probability distribution functions using BestFit 
software. The suitable probability distribution of E"ec(de,;gn) for TGM are found to be lognormal 
(Il. cr, shift) with distribution parameters Il of 90.1 N/mm', cr of 47 N/mm', and the curve shifted 
by 86.8 N/mm'. A normal distribution with parameters Il of 28.3 N/mm' and cr of 6.9 N/mm2 
fits E,,,c(d,,;gn) values for NWGT. The histograms of average 250 sampling values generated 
based on these probability distributions are illustrated in Figure 4.33. 
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Figure 4.33 Distribution of E,,,,,(de'ign) for (a) TGM and (b) NWGT based on 250 sampling 
values 
4.9 Chapter Summary 
Knowledge of distribution type and quantification of variability are fundamental for 
evaluation of characteristic values for use in design as well as inputs for reliability analyses. 
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This chapter formally examines the assumption of normality to represent peak and large 
displacement interface shear strengths and the derived Coulomb strength parameters. 
Additionally, the variability and uncertainty for three generic interfaces are computed and 
compared using information obtained from global databases, inter-laboratory and repeatability 
testing programmes. The variability of interface shear strengths computed using the combined 
global database are 3 to 5 times, and can reach up to 7 times higher for the derived parameters 
when compared to laboratory repeatability test results. It is demonstrated that variability and 
uncertainty computed using global dataset yields overly conservative outcomes (i.e. high failure 
probability) when adopted in design. 
The empirical relationships between standard deviation and COY of'tp or 'tID with the 
applied normal stresses, which are provided in this chapter, are useful in deriving characteristic 
values of Coulomb interface shear parameters especially when only one interface shear test is 
conducted at each normal stress. For such cases, the approach proposed by Dixon et al. (2002) 
can be adopted to compute the characteristic values. When two or three tests are carried out at a 
same normal stress, the COY for 'tp and 'tID can be computed, but there is still insufficient data 
to evaluate the variability of interface friction angles and adhesions. Therefore, the results 
provided in this chapter can be used to support reliability analyses. Further repeatability studies 
are required for other interfaces in order to provide a comprehensive database for practitioners. 
A standardized distribution type for interface shear strengths is of significant importance 
in practice especially when comparing decisions on material selection between competing 
companies for a project using reliability analysis. It is possible to manipulate the calculated 
reliability index, or probability of failure if there is a free choice of distribution type. A variety 
of positively skewed probability distribution models could be accepted as adequate fits to 
interface shear strengths given that sample sizes are relatively small. However, the normality 
assumption is recommended for interface shear strengths because (1) measured variability and 
uncertainty (e.g. equipment, operators, test procedures, materials) are believed to be additive, 
(2) most statistical inferences are based on the normality assumption, and (3) practicing 
geotechnical engineers are more familiar with normal distribution. 
This chapter has determined using subjective and objective statistical test methods, that a 
normal distribution can be assigned to interface shear strengths and deri ved parameters (except 
interface adhesion with high COY) for good quality data. A high coefficient of determination, 
R2, the calculated skewness and kurtosis of the repeatability datasets and the Anderson-Darling 
A2 statistics for repeatability and Criley datasets have supported normality assumption. 
However, for interface adhesion which is subjected to high COY, the values are represented 
with a beta distribution that would yield equivalent mean and standard deviation of the derived 
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values, while the minimum and maximum values for the beta distribution are located at zero 
and/or ± 2 standard deviations from the mean value, to avoid sampling of negative or extreme 
values. Alternatively, truncation should be applied at the lower and upper distribution tails to 
exclude negative values and to discard extreme measurements. For the interfaces investigated in 
this study, no truncation is applied for repeatability or Criley datasets since the probabilities of 
sampling negative values of'tp or 'tLD are less than 0.01 %. 
Finally, the input parameters and sampling values for lining interfaces and geosynthetics 
to be utilised in series of F1.AC numerical analyses are presented. The tables of interface strain-
softening shear strength parameters are generated and validated with numerical direct shear tests 
so that the shear stress-displacement curves can capture the variability exhibit by those obtained 
from laboratory testing. The secant interface shear stiffness, k" and secant tensile elastic 
modulus, Etsec(d"ign)' of geosynthetic are also derived using laboratory test results. The computed 
coefficient of variations for these parameters are within typical variability demonstrated by 
geotecbnical design parameters. 
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Chapter 5 
EXPERT ELICIT ATION 
5.0 Introduction 
As outlined in Section 3.5, the expert elicitation is designed to acquire basic information 
for probabilistic landfill engineering design, in which there is currently a limited data to carry 
out such analyses. The questionnaires are divided into 4 parts, which focus on waste properties, 
interface properties, unfavourable actions and tolerances in construction. In general, the 
questions are designed to obtain consensus on statistical moments for design parameters that are 
seldom, if not at all, measured in laboratory or field testing. The queries are limited to municipal 
solid waste which consists of domestic and commercial refuse, while the landfill is constructed 
as a 'dry tomb', in which cover and barrier systems are designed to minimise water infiltration. 
Additionally, the values elicited for the parameters are for application in a design phase, 
especially when this information is not available at this stage and hence, depends highly on 
experience and state of practice. 
A total of 13 experts, which constitute about 16% of the expert's list, responded to at 
least one of the questionnaires emailed to them. In the following text, they are referred to as 
'participants'. The relatively poor response may be attributed to conflict of interest, other 
engagements, or simply, dearth of knowledge regarding the issues. Table 5.1 summarises the 
credentials of each participant. During the collation process, each participant was given equal 
weight as they have responded only to the questions that are within their field of expertise. 
Additionally, most of the experts (except participant E6) have almost the same years of 
experience in landfill engineering. Table 5.2 summarises the questionnaires and feedback that 
are either partially or completely undertaken by the participants. 
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Table 5.1 Credentials of participants 
Identification: El E2 E3 E4 E5 E6 E7 E8 E9 EIO Ell E12 El3 
Years of experience in landfill 20 19 15 28 14 4 16 16 21 20 20 NO NO 
engineering: 
Part of landfill engineering: 
- Siting of landfill 0 0 0 0 0 0 0 0 0 0 NO NO 
- Design of landfill 0 0 0 0 0 0 0 0 0 0 NO NO 
- Construction of landfill 0 0 0 0 0 0 0 0 0 0 NO NO 
- Waste mechanics 0 0 0 0 0 NO NO 
- Operation of landfill 0 0 0 0 NO NO 
- Research 0 0 0 0 0 0 0 0 NO NO 
0 0 0 0 0 0 0 0 0 NO NO 
- Monitoring of landfill 
- Risk assessment 0 NO NO 
- Post-closure NO NO 
Location of the involved 
landfill(s): 
- US and Canada 0 0 0 0 0 0 0 0 NO NO 
- Asia 0 0 NO NO 
-Europe 0 0 0 NO NO 
Type of landfill sites involved: 
- Shallow sided void 0 0 0 0 0 0 0 0 0 0 0 NO NO 
(slope<30deg) 
- Steep sided void 0 0 0 0 0 0 0 0 NO NO 
(slope>30deg) 
- Above groundJIand raised 0 0 0 0 0 0 0 0 0 0 0 NO NO 
- Landfill below water table 0 NO NO 
Current occupation: 
- Geologist 0 
- EngineerlPractitioner 0 0 0 0 0 0 0 0 
- Academia 0 0 0 0 
Note: E = expert; NG = not given 
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Table 5.2 Participants' responded questionnaires 
Identification: El E2 E3 E4 E5 E6 E7 E8 E9 EIO Ell EI2 E13 
Part I: Waste properties 
- Bulk unit weight of waste 0 0 0 0 0 0 0 0 
- Shear Strength 0 0 0 0 0 0 0 0 0 0 0 
- Vertical permeability 0 0 0 0 0 0 0 0 0 
- Constrained modulus 0 0 0 0 0 
- Horizontal in-situ stress 0 0 0 0 
Part 2: Interfaces [;'1 
"'" 
[;'1 [;'1 [;'1 0 0 0 0 0 0 
Part 3: Unfavourable actions 
- Pore water pressures 0 0 0 0 
- Plant and equipment loadings 0 0 0 0 0 0 0 0 
Part 4: Construction tolerances 0 0 
"'" "'" 
[;'1 0 0 0 0 
FEEDBACK 0 0 [;'1 [;'1 
5.1 Waste Properties 
The template of waste properties questionnaires are attached in Appendices P and Q. 
Most of the waste properties included in the questionnaires are required to carry out the series of 
numerical analyses in Chapter 7. These properties are the bulk unit weight of waste (Ywas"), 
shear strength (friction, <Pw and cohesion, cw), vertical permeability (k,), constrained modulus 
(D), and coefficient of horizontal pressure at rest (Ko). In this section, it is important to reiterate 
that the waste cited in the text refers to municipal solid waste, which include domestic and 
commercial refuse. When eliciting the waste parameters, its constituents were categorised into 
incompressible ·components such as metals, construction rubble, wood, leather, minerals, and 
compressible components such as organics, cardbord, flexible plastic, cans. Likewise, the waste 
constituents were also divided into reinforcing and paste or soil-like elements. The values 
estimated for these parameters from the elicitation process can be used as a priori mean, 
standard deviation and initial distribution, which require further updating to reduce their 
uncertainty (Denver and Ovesen, 1994; Schneider, 1997) when more results are obtained 
through laboratory and/or field testing. 
5.1.1 Bulk unit weight of municipal solid waste 
Eight experts responded to questionnaire Qla-E;waste (Appendix P), which seeks 
information on average bulk unit weight of waste, denoted as Yw",,, in the text. The upper (U), 
most likely (M) and lower (L) values given by the experts are summarised in Table 5.3. 
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According to the panel of experts, the uncertainty and variations in "tw,", are attributed to various 
waste compositions, seasonal variations, extent of degradation, different degrees of compaction 
and construction practices, and confining stresses. 
Table 5.3 Upper, most likely and lower bound values for bulk unit weight of waste 
),w",,, values from each eXl'ert (kN/m') Median Avg. Stdev 
El E3 E4 E5 EID Ell EI2 EI3 
Lower 12.0 13.0 5.0 10.0 7.0 9.0 8.0 8.0 8.5 8.9 2.6 
Most likely 15.0 15.0 11.0 13.5 12.0 11.5 11.0 12.0 12.6 1.8 
Ul'I'er 21.0 17.0 15.0 17.0 16.0 13.0 16.0 15.0 16.0 16.2 2.3 
.:. Results and discussions of "twaste 
Since M - L is sufficiently close to U - M, a normality assumption is assigned for each 
expert's opinion as explained in Section 3.5.4. Furthermore, some participants also asserted that 
a normal distribution can represent the Yw,"" measurements collected by them. Figure 5.1 
illustrates the probability density curves for Yw,"" assuming that the values given by the panel of 
experts are normally distributed, with the prior standard deviations set to (U - L)f2. The light-
coloured curves represent normally distributed Yw",,, of each expert, while the dark-coloured 
curve is the normal probability density obtained from experts' aggregation through sampling 
and averaging as explained in Section 3.5.4. It can be observed that the prior consensus normal 
distribution encompasses the lower and upper bound values given by all experts. 
.~ 0.25 
~ 0.20 
" 
" .", 0.15 g 
~ 0.10 
.<:> 0.05 £ 0.00 
0 
Assuming normal 
--Consensus distribution 
--Experts' distributions 
Mean=12.6kNIm' 
2 4 6 8 ID U ~ M 18 W ~ ~ ~ ~ ~ n 
Bulk unit weight ofwasie,l'wa,t< (kN/m') 
Figure 5.1 Distributions for Yw,,,, for initial design 
For initial design, the average bulk unit weight for waste consisting of equal amounts of 
compressible and incompressible components, and with temporary cover soil, obtained from the 
elicitation is 12.6 kNfm'. Based on the recommended profiles of Yw,"" from Zekkos et al. (2006), 
this value coincides with Ywas" profile of typical compaction effort and soil content. The range of 
possible values for Yw,"" given by the experts are 5 to 21 kNfm', which is almost equivalent to 
the range of "tw,"" compiled from literature (Section 2.1.3). Using the consensus normal 
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distribution, the probability of sampling "(w",,, values smaller than 5 kN/m3 and higher than 21 
kN/m3 are 1.84% and 1.05%, respectively. 
The standard deviation for consensus distribution "(w,"" is 3.64 kN/m3, which 
corresponding to a coefficient of variation (COV) of 29%. This variation is about 6 times 
greater than the typical values reported in literature for soils (Harr, 1984; Kulhawy, 1992), and 
is very likely to result in a conservative result when utilise in a reliability analysis. Therefore, 
the collated "(w",,, should be updated (e.g. Bayesian updating) with test measurements to achieve 
greater confidence of ,,(w'"te value for analysis: 
The participants asserted that the expected increase of ,,(w",'e from most likely value for 
waste located 30 m below surface level range from 5% to 30%, depending on the initial 
compaction and degradation rate of waste. The average "(w'"te deposited at such depth is 
estimated to be about 15 kN/m3, which is an increase of about 19% from 12.6 kN/m3• The "(w",, 
profile from Zekkos et al. (2006) for typical compaction and soil content displayed an increased 
of "(w"te from 10 kN/m' at ground level to approximately 13.3 kN/ml. However, participant 
(E13) asserted that a uniform average "(w,,,, with depth is acceptable since it has no practical 
impact on design calculations because stability analyses are usually not sensitive to the unit 
weight selected as it is both a component of the driving and resisting forces. Additionally, the 
critical slip surface is usually found along the lining system or in foundation soils, and not 
within the waste mass itself. E13 also commented that an average unit weight is suitable to 
compute settlement of the lining system, with the waste mass at its final grade. 
When the waste consists of more incompressible than compressible components or vice 
versa, the average values of "(w,,te elicited from the participants are 13.6 kN/m3 and 10.4 kN/m', 
respectively. Without temporary cover soil, the ,,(w,", from the expert averaged 9.4 kN/m'. This 
value is relatively high if compared to findings from literature, and may be an indication of 
overconfident estimation from the participants, in ·which the scenario without temporary cover 
soil is inconceivable. 
For poor, moderate and good compaction effort, the average "(w"" of participants 
corresponds to 7.6 kN/m', 9.8 kN/m' and 11.9 kN/m', respectively. The values given by the 
experts are summarised in Table 5.4 and shown together with the average initial value for 
design in Figure 5.2. The consensus distributions for different levels of compaction efforts 
based on information given by 6 participants are depicted in Figure 5.3. According to Zekkos et 
al. (2005), low, typical and high compaction effort and soil content range between 5 to 11 
kN/m', 10 to 13.3 kN/m' and 15.5 to 16.4 kNfm', respectively, from ground surface to a depth 
of 30 m. The collated poor and moderate "(wru;te values from experts correspond to the lower end 
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of profiles, while Yw,"" for good compaction is underestimated. Again, this may indicate that 
experts are most likely to estimate values which are common in practice, and seldom ponder on 
Yw",,, values that are very poor or very well compacted. Finally, most experts asserted that they 
would likely adopt similar values for both operation and post-closure phases. 
Table 5.4 Unit weights of waste based on compaction efforts 
Compaction Value EXEerts 
effort (IeN/m') El E3 E4 ElO 
Poor Lower 8.0 3.0 3.0 7.0 
Most likely 10.0 5.3 7.0 8.5 
Upper 12.0 9.3 10.0 10.0 
Moderate Lower 10.0 5.2 8.0 8.0 
Most likely 11.0 6.9 9.0 11.0 
UEEer 13.0 7.8 11.0 13.0 
Good Lower 11.0 8.8 9.0 10.0 
Most likely 14.0 9.6 11.0 12.5 
UEEer 21.0 10.5 12.0 15.0 
22.0 
~'E' 
~ 18.0 
~ 
! 14.0 
o 
--
-----------------
Ell 
8.0 
9.0 
10.0 
9.0 
10.0 
10.5 
10.0 
11.0 
11.5 
---I -
Median Avg. 
El2 (kN/m') (kN/m') 
3.0 5.0 5.3 
6.0 7.8 7.6 
9.0 10.0 10.1 
7.0 8.0 7.9 
11.0 10.5 9.8 
14.0 12.0 11.6 
10.0 10.0 9.8 
13.0 11.8 11.9 
16.0 13.5 14.3 
Avg. rnax (initial) 
Avg. mode (initial) 
A vg. min (initial) 
~ GJod compact. 
- - - - A vg. max (good) 
- - - - Avg. mode (good) 
- - - - Avg. min (good) 
-a --- - -- - -- - -IJ-. -II---B- Moderate compact. 
.~ 10.0 
-
'§ 
:g 6.0 
~ 
2.0 
" 
"" .. ;,c .. • " ••• « • " •••••••• " ••• ., f.. " ---Avg. max (moderate) 
Avg. mode (moderate 
. .. ... 
" " 
.. . . " ... .. . ... 
Avg. min (moderate) 
- Poor compact. 
. " . ". " .. " 
" 
............................. 
. " _ ...... Avg. max (poor) 
"."'" Avg. mode (poor) 
....... Avg min (poor) 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Expert no. 
Stdev 
(kN/rn') 
2.6 
1.8 
1.0 
1.7 
1.6 
2.3 
0.8 
1.6 
3.9 
Figure 5.2 Range of YW'M' given by the experts based on different compaction efforts 
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Figure 5.3 Distributions for Yw,st, with different compaction effort in comparison to the initial 
design 
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Based on the above discussion, inclusion of temporary cover soil and compaction effort 
significantly affect the value of Ywa," to be adopted in design. A summary of the collated YW"'te 
values for different waste conditions is provided in Table 5.5. For comparison, the standard 
deviation ofyw"" reported by Fassett et al. (1994) for poor to good compaction are in the range 
of 0.5 to 2.5 kN/m3, which is consistent with the variation computed from elicitation process for 
similar compaction efforts. 
TableS.S Summary of YW'"'te values for different waste composition and deposition 
Initial 30m Amount of waste component Temporary Compaction effort 
design below cover soil 
ground Incomp. Incomp. Incomp. Witb Witbo Poor Moderate Good 
>comE· '" comE· <comE· ut 
Lower 9.1 11.3 10.9 8.5 6.7 8.9 5.7 5.3 7.9 9.8 
Mode 12.6 15.0 13.6 12.2 10.4 12.6 9.4 7.6 9.8 11.9 
Upper 16.4 18.7 17.3 15.9 14.1 16.3 13.1 10.1 11.6 14.3 
Stdev 3.64 4.33 3.64 3.64 3.64 3.64 3.64 2.4 1.9 2.3 
COV(%) 28.9 24.3 26.8 29.8 35.0 28.9 38.7 31.6 19.4 19.3 
.:. Feedback on "{w.,,, 
One of the participants (E9) with more than 20 years of experience in landfill engineering 
design argued that the consensus mean value of 12.6 kN/m3 is too high. He stated that Yw",,, 
would unlikely exceed the unit weight of soil. Therefore, he suggested instead of mean value, 
12.6 kN/m3 should be assigned as the upper bound value for "{w",,,. Meanwhile, a participant 
(ElO) suggested that the lower bound for Yw,,.. could be 6.9 kN/m3• Additionally, the value of 
Yw",,, from about 60 research papers (Figure 204) yield average, median, and mode of 904 kN/m3, 
9.0 kN/m3, and 10 kN/m3, which imply that the mean value is lower than 12.6 kN/m3 • 
• :. Input parameter of "{waste for FLAC numerical analyses 
For the numericallandfill model, distribution of moderately compacted "(w,"e (mean of 9.8 
kN/m3 and COV of 1904%) is adopted because the values elicited for initial design (mean of 
12.6 kN/m3 and COV of 28.9%) is considered over-conservative. Initially. 1000 values are 
generated three times with different seed numbers based on this distribution and averaged. 
Values outside the range of 6.9 kN/m3 and 12.6 kN/m3 are then filtered to take into account the 
feedback from participants. The histogram of the first 250 average sampling values for series of 
numerical landfill analyses, which are within the range recommended, is illustrated in Figure 
SA. Due to filtering, the mean and standard deviation for 250 "{w,,te values are 10 kN/m3 and 1.0 
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kN/m3, respectively, which are considered acceptable to reflect the mean and uncertainty of 
waste within a site. 
b 0.50 ,---------------------------, 
] 0.40 Sampling mean = 10.0 kNlm3 
E 0.30 Sampling stdev = 1.0 kN/m' 
~ 0.20 
,J:J 0.10 
£ 0.00 +---.---'----',--"---'--1---'---'--.'--'--'--.-'--'--'-_-'---;----1 
6 7 8 9 10 11 12 13 14 
Bulk unit weight of waste (kN/m3) 
Figure 5.4 Histogram of Yw.", values for series of numerical analysis 
5.1.2 Shear strength of municipal solid waste 
Questionnaire template to elicit other properties of waste such as shear strength, vertical 
permeability, constrained modulus and coeffiecient of pressure at rest is attached in Appendix 
Q. Shear strength of waste constitutes friction angle, I\lw, and cohesion, cw, elements. A 
participant (E13) stated 3Q kPa as a threshold between low and high confining stresses (0.) . 
• :. Friction angle of waste, I\lw 
The values stated by the experts are presented in Table 5.6 while the averages are 
demonstrated in Figure 5.5. At high confining stress, I\lw given by the experts range between 20° 
to 45°, with more experts asserting values greater than 30°, while stating a low value for Cw 
ranging from 0 to lOkPa. At low confining stress, some experts recommended I\lw of zero with 
cw ranging from 10kPa to 99kPa. The range elicited from experts is almost identical to those 
reported by Kavazanjian et al., 1995. 
Table 5.6 Upper, most likely and lower bound values of I\lw for high confining stress given by 
participants 
Value ~w given b~ the eX~rlS Avg. Median 
(0) El E3 E4 E5 E7 E8 E9 EIO El I EI2 E13 (0) Cl 
Lower 2S 30 28 30 20 30 24 22 29 27.3 28.5 
Mode 30 33 33 33 25 35 33 30 25 32 33 31.1 32.5 
U!:'!:'er 35 36 36 35 30 38 45 30 36 35.6 35.5 
The candidate distributions for waste friction angle include triangular (E9), normal (EI2), 
and lognormal (E4), while one expert (Ell) has suggested that normal distribution with 
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truncated tails. The light-colored lines in Figure 5.6 represent normal distribution curves 
generated with experts' assessment, while the dark-colored curve is the consensus distribution 
produced using linear opinion pool approach presented in Section 3.5.5. Assuming normality for 
each experts' distribution of $w yields a consensus distribution curve with expected or mean 
value of 31.1° and standard deviation of 4.64° with lower (Le., 25%) and upper (Le .• 75%) 
percentiles of 28.0° and 34.2°, respectively. The mean value was aggregated by considering all 
experts' inputs, but the standard deviation was computed by excluding B8 and B13, who only 
gave a single value for $w. 
1 2 3 4 5 6 7 8 9 10 11 12 13 
ExpeJ<! no. 
Figure 5.5 Average lower, most likely and upper values of $w given by the experts 
5 10 15 20 25 30 35 40 
Friction angle of waste, <j>w () 45 
50 55 
Figure 5.6 Input and consensus normal distribution curves for waste friction angle 
From the feedback, the experts agreed that a normal distribution with mean and standard 
deviation of 31.1 ° and 4.64°, respectively, is representative for $w. Nevertheless, for comparison, 
the consensus distributions and statistical moments computed by assuming that $w from each 
expert is either normal, lognormal, triangular or uniformly distributed are demonstrated in 
Figure 5.7 and Table 5.7. It can be observed than normality assumption yields a conservative 
estimate of uncertainty as well as encompassing the ran.ge of values given by the experts. 
Moreover, the probability of sampling values lower than 20° or greater than 45° based on the 
consensus normal distribution is 0.8% and 0.1 %, respectively. Since these probabilities are 
relatively low, the consensus normal distribution with mean and standard deviation of 31.1 ° and 
4.64° is an acceptable a priori distribution for municipal solid waste friction angle. 
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Figure 5.7 Consensus distribution for <Pw assuming different types of input distributions from 
experts 
Table 5.7 Statistical moments assuming different types of input distributions for <Pw 
Consensus distribution 
type 
Normal (mean, stdev) 
l.ognonnal (mean, stdev, 
shift) 
Expected 
value 
E(cpw), (0) 
31.1 
31.2 
Standard deviation COV(%) Model parameters 
Stdev(<!>w), (') 
4.64 14.9 f(<!>w; 31.1, 4.64) 
4.53 14.5 f($w: 25.3, 5.85. 4.53) 
Triangular (L, M, U) 31.6 1.80 5.7 f(<Pw; 26.6, 31.1, 35.5) 
Uniform (L, U) 31.1 2.66 8.6 f(pw:26.4, 31.7) 
Note: stdev, L, M and U refer to standard deviation, low, most likely and upper values, respectively . 
• :. Cohesion of waste, Cw 
Before proceeding further, it needs to be emphasised that the values of Cw must be paired 
with the appropriate ~w, as both parameters are derived using Coulomb failure envelope. The 
values elicited for Cw is summarised in Table 5.8. The distribution types suggested by the 
experts include nonnal, truncated nonnal, unifonn, lognonnal and triangular. However due to 
insufficient data to generate the consensus distribution for Cw (e.g., lower bound values given by 
the experts corresponds to high confining stress, thUS, only the most likely and upper bound 
values are available), a wider range between the mode or the median values are used as a priori 
values for initial design with low confining pressures. The mode range values are selected 
because they encompass most estimations given by the experts. Assuming that cohesion values 
are uniformly distributed within the range of 20 to 50kPa in Figure 5.8, the expected value and 
standard deviation are computed as 35kPa and 8.7kPa, respectively, which corresponds to COY 
of 24.9% for initial design with low confining stresses. Assuming that the minimum values of 
Cw in Table 5.8 corresponds to high confining stresses, experts stated values between zero to 
5kPa. Assigning a uniform distribution results in expected value and standard deviation of 
2.5kPa and 1.44kPa, respectively, with COY of 51.7%. 
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Table 5.8 Upper, most likely and lower bound values for cohesion of waste given by 
participants 
Value 
Lower 
MLV 
UEEer 
Cw !liven br the eX12erts (lcPa) Avg. Mode 
El E3 E4 E5 E7 E8 E9 E10 Ell E12 E13 kPa kPa 
0 0 0 0 0 0 2 0 5 0 0.7 0 
5 20 20 25 70 25 10 26 24 25 20 
10 40 24 50 99 50 20 54 43 50 
• IWrr~~~~~~~-=-==-lj-----------------------' 
". 100 [.v.) Low confming stresses 
.~ __ 80 t .. "" ____ .~~~.e,.~.~~,~~, ...... '" .. _~ ...... ___ ._.J 
~~60 
Upper mode Lower mode 
" 40 ~ 20 ~ 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Expert no. 
Figure 5.8 Range of Cw for low and high confining stresses 
.:. Input parameter of $w aud c w for FLAC numerical analyses 
Median 
kPa 
0 
24 
45 
According to Jones (1999), the friction angle and cohesion of waste do not significantly 
affect the deformation and stress along the lining system if the waste shear strength is greater 
than the waste slope angle. Therefore, these parameters are taken as contant values in the 
numerical analyses in Chapter 7. Based on experts' aggregated judgments, the friction angle and 
cohesion of waste are assigned 31.10 and 2.5 kPa, respectively, corresponding to a high normal 
stress application. 
5.1.3 Vertical permeability of municipal solid waste 
Although permeability of municipal solid waste (kw) is not required as an input to the 
nurnericallandfill model in this stuny, the value is elicited for future works, which may include 
secondary settlement of waste (e.g. degradation) that is dependent on water content of the waste 
or the rate of water movement through it (Powrie et al., 1998; Powrie and Beaven, 1999). 
Furthermore, it is also required in design to consider seepage and consolidation of the waste 
body as well as for the stability of the liner system. The range of possible values for 
permeability of the waste (kw) given by the participants are summarised in Table 5.9, while the 
average lower, most likely and upper values are illustrated in Figure 5.9. The average range of 
1.6e-6 mfs to 4.ge-4 mfs from experts' opinion are slightly less conservative than those found in 
literature studies, which may range from lOe-8 mfs to lOe-4 mfs. The waste permeability of 
le-5 mfs given by most experts could be biased since most might be accustomed to north 
American practice, and may have adopted the default value from Hydrologic Evaluation of 
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Landfill Performance (HELP) guidance document. The software is developed to help hazardous 
waste landfill designers and regulators evaluate the hydrologic performance of proposed landfill 
designs. However. the mean values of le-5 mls is also reported by Van Impe and Bouazza 
(1996b). 
Table 5.9 Upper. most likely and lower bound values for permeability of waste given by 
Value 
Lower 
MLV 
VEEer 
participants 
kw ~iven b~ the exrerts (m/s) Avg. Mode 
El E3 E5 E7 E8 E9 EIO Ell El2 (m/s) (m/s) 
IE-07 1E-06 1E-06 1E-06 lE-OS IE-08 IE-09 5E-07 IE-06 1.6E-6 IE-06 
lE-OS lE-OS lE-OS IE-05 lE-OS IE-07 IE-06 IE-04 lE-OS 1.8E-5 lE-OS 
lE-04 IE-04 IE-03 IE-03 lE-OS IE-06 5E-05 2E-03 lE-04 4.9E-4 IE-04 
.2 IE~~------~~~~==========================~~ :z 1E.Q2 i::·::::A~g.;;;i;; Avg. mode .. -. -" Avg. max J 
~ -;;;- lE-04 ····;·-··-·-··-;·········1"··--··-··t·-·-·····-···-·--·-"-"-';"'-
& :s IE-06 . - -. 1-' -..... -·1· -. ------l- ... -. -' -·1····· -. -"!'- -.. -... -.. , ·1--·· 
~ lE-08 1 
~ lE-lO+---r--,--~---r--~--~--r--,--~---r--,---~~ 
1 2 3 4 5 6 7 8 9 10 11 12 
B<pertno. 
Figure 5.9 Range of kw given by the experts 
Median 
(m/s) 
IE-06 
lE-OS 
IE-04 
Since kw can differ by a few order of magnitudes. the experts have assigned this 
parameter as lognormally distributed. in agreement with published literature for hydraulic 
conductivity of soils (Lacasse and Nadim, 1996). The input and consensus lognormal 
distributions to represent experts' opinion of kw are shown in Figure 5.10. while the distribution 
parameters are summarised in Table 5.10. kw of the consensus distribution range from le-8 mls 
to le-2 mls with the most likely value of l.4e-5 mls. 
However. two experts disagree with this consensus distribution. First. participant E5 
suggested that there is no most likely value for kw. and kw cannot be quantify with a single 
parameter since waste masses are typically stratified (or even may be cellular) with respect to 
permeability. Moreover. a wide range of kw elicited from experts strongly indicates that the 
parameter depends highly on the composi.tion and state of decomposition of the waste. 
According to participant EIO. kw is dependent on average effective confining pressure. He 
commented that most wet landfills do not easily dewater. thus indicating a low kw. In the absent 
of specific data. he would adopt kw of 10e-6 mls for an "average" characteristic in an "average" 
size landfill in a macroscopic sense. 
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From the elicitation process, it is concluded that kw can vary significantly, and may need 
to be modelled as a spatial random variable. Therefore, much effort and field investigation are 
required to quantify this variable for used in probabilistic approach. 
Table 5.10 
Lognormal 
distribution 
El 
E3 
E5 
E7 
E9 
EIO 
Ell 
E12 
Consensus 
1.0B-09 1.OE-08 1.0B-07 1.0E-06 1.0B-05 1.0E-04 1.0E-03 1.0B-02 1.0B-01 
MSW vertical penreability, kw (mls) 
Figure 5.10 Input and consensus lognormal distribution curves for kw 
Lognormal distribution parameters for kw 
Mean of Stdevof Mean of -Stdevof Shift, A. 
In (kw) In (kw) kw kw 
-8.526 1.741 9.0E-04 4.0E-03 lE-07 
-10.118 1.181 8.11E-05 1.4lE-04 1E-06 
-8.526 1.736 8.95E-04 3.94E-03 lE-06 
-8.526 1.736 8.95E-04 3.94E-03 IE-06 
-14.724 1.179 8.08E-07 1.40E-06 lE-08 
-6.501 2.707 5.86E-02 2.28E+OO lE-09 
-4.910 2.079 6.4lE-02 5.53E-01 5E-07 
-10.118 1.179 8.09E-05 1.40E-04 lE-06 
-6.837 2.172 I. 13E-02 1.1 9E-0 1 lE-09 
5.1.4 Constrained modulus of municipal solid waste 
Mode 
1.0£-5 
1.0E-5 
1.0E-5 
1.0E-5 
1.0E-7 
1.0E-6 
1.0E-4 
1.0E-5 
1.4E-5 
The constrained modulus, D, defined as ratio between increment of vertical effective 
stress over an increase in vertical strain, is required to estimate the settlement during 
construction. The parameter is not a constant but depends upon the level of mean stress acting 
on the layer under consideration. In this study, the constrained modulus is indirectly used to 
estimate the waste properties for a double-yield model. The waste properties are adjusted such 
that the settlement produced in the numerical model is ,equivalent to those ID settlements 
calculated using the constrained modul us. 
The experts were asked to estimate the lower, most likely (ML V) and upper values for 
average D, for landfill up to a depth of 30m. Only two experts have participated and their 
responses are summarised in Table 5.11. Ell and El2 have assigned lognormal and normal 
distributions to D, respectively. However, difference between most likely and lower values, and 
upper and most likely values given by El2 indicates that D is a positive-skewed variable. Figure 
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5.11 illustrates the consensus and experts' lognormal distributions, while their model parameters 
are stated in Table 5.11. However, the D values given by both experts are high in comparison to 
those reported by Dixon and Jones (2005). For mean vertical effective stress of less than 500 
kPa, Dixon and Jones (2005) reported D values of approximately 100 kN/m2 to 4700 kN/m2. 
The compression index (C,) is also used to compute the primary compression during waste 
placement. One expert, who is unfamiliar with the D term, recommended typical values of C, in 
the range of 0.12 to 0.25, which are within the range reported in literature surveys (Section 
2.1.3). The C, value of 0.25 is also typical value reported by Oweis (2006). 
Adopting D values elicited from experts' opinions would produce conservative estimate 
of waste settlement. Therefore, D values reported by Dixon and Jones (2005) are used in this 
study to obtain the waste parameters for the numericallandfill model. 
Table 5.11 Model parameters and statistical moments for constrained modulus using experts' 
opinion 
Range for D (kN/m2) Lo~normal distribution Statistical moments (kN/m2) 
Lower MLV DEEer f(x; s, g', Cl) Mean Stdev 25th 50th 75th 
Ell 2000 4000 8000 feD; 2000, 7.748,0.384) 2496 6445 3789 4318 5004 
E12 1000 6000 12000 feD; 1000, 8.686,0.411) 995 2768 5487 6922 8816 
Consensus 1500 5000 feD; 1500, 8.323,0.404) 5970 1881 4598 5620 6910 distribution +'" 
56TT~~~~~~~~=-------------~------__ ----' 
4408 Mean,,5970kN/m2 ,I -Exp~rt~;------i 
2 distributions 
32 Mode" 5000 kNlm i 
24 2 i-Consensus 1~ ~L=?istri\)tltiO~j 
O+----r~~----~~=T-=~~--~--~--~ 
o 2000 4000 6000 8000 10000 12000 14000 16000 
Constrained modulus (kN/m2) 
Figure 5.11 Experts' and consensus lognorrnal distributions for waste constrained modulus 
5.1.5 Coefficient of pressure at rest of municipal solid waste 
Coefficient of pressure at rest (Ko) is required to compute the in-situ stress for initial 
condition in numerical analysis. The coefficient depends on the overburden stress. However, Ko 
is not applied in this study because the landfill investigated is an active facility which is being 
filled to the design thickness, and only mechanical settlement due to waste loading is considered 
in this case. Four experts have replied to this question and the values stated by them are 
summarised in Table 5.12 and illustrated in Figure 5.12. Ko given by the participants range from 
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0.1 to 1.0. Only one participant suggested nonnal distribution for K.. However, beta distribution 
is a suitable candidate distribution since it is often used to describe beliefs about an unknown 
proportion, which falls in the interval between 0 and I (Bury, 1999). Since the range given by 
the experts are wide, the standard deviation is estimated as the difference of lower and upper 
values divided by 6 (see Section 3.5.4). 
Table 5.12 Model parameters and statistical moments for Ko using experts' opinion 
EXEerts' distributions Consensus distributions 
Initial Reinforcing> Paste> 
E3 E5 E10 E12 l2aste Reinforcin~ 
Lower 0.50 0.20 0.10 0.27 0.11 0.10 
MLV 0.75 OAO 0.40 0.30 0.45 0.20 0.70 
Upper 1.00 0.60 0.70 0.77 0.86 1.00 
Mean 0.75 0.40 0.33 0.48 0.32 0.66 
Stdev 0.08 0.07 0.10 0.15 0.15 0.15 
COV(%) 11.1 16.7 30.6 31 45 23 
Percentiles 
25th 0.69 0.35 0.25 0.37 0.15 0.56 
50th 0.75 0040 0.32 0047 0.30 0.67 
75th 0.81 0.45 0.40 0.58 0.42 0.81 
Model parameters 
AI 
Az 
min 
max 
4.00 4.00 2.82 3.26 1.29· 4.67 
4.00 4.00 4.64 4.51 3.16 2.82 
0.50 0.20 0.10 0.10 0.10 0.10 
1.00 0.60 0.70 1.00 1.00 1.00 
1.2 ,....-------"'i ="==='=.====="-' = ..==.== ..=;=. =. =. ''Cl, 
i • Given range ...•.. - Avg. rrnn ! 
1.0 1 i --Avg.MLV ...... ·Avg.max! ~ 0.8 .......... : . . . ... ';';;';';';';;";'; ;;.;.;.;;.;;;.~; .. ;; .. ;.;.;.;;.;; .. ;;;.;;.;.;.;;;;; .. ;.; .. ;.;.;;.! 
i 0.6 
~ 0.4 
0.2 
• 
0.0 +-....,...-,---,---,--,---,--,--,---r--r-,---,.--r---1 
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Expert no. 
Figure 5.12 Prior K. values given by the participants 
The experts' and consensus beta distributions for Ko when waste composition is unknown 
are shown in Figure 5.13. The mean and COY of K. based on consensus distribution are 0.48 
and 31.3%. When reinforcement is more than the paste elements in the waste, the participants 
stated that K. value would decrease 10% to 50% from the most likely value, which yields a 
consensus distribution with mean and standard deviation of 0.32 and 0.15 (Figure 5.14). 
Conversely, when paste element dominates the waste, the experts suggest an increase in K. 
value of about 10% to 75%, which resulted in mean of 0.66 (Figure 5.15). The variation for all 
three scenarios are similar because the upper and lower bounds given by the experts are set as 
constants for these cases. 
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Figure 5.13 Case 1: Input and consensus beta distributions for coefficient of pressure at rest 
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Figure 5.14 Case 2: Input and consensus beta distributions for Ko given reinforcing greater than 
paste elements in the waste 
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Figure 5.15 Case 3: Input and consensus beta distributions for Ko given paste greater than 
reinforcing elements in the waste 
During feedback, participant E5 disagreed with the consensus distributions (see Table 
5.12). He preferred that the lower, mean and upper values of Ko for unknown waste 
composition to be 0.10,0.35 and 0.60. For Case 2, he argued that the reinforcement may begin 
to break down at higher overburden pressure and thus, the lower, mean and upper values are 
0.10, 0.25 and 0.40. Finally, for Case 3, he asserted lower. mean and upper values of 0.3,0.45 
and 0.60 for Ko. The values of Ko given by the experts are equivalent to those obtained from 
literature studies in Section 2.1.3, in which the mean for design is typically in the range of 0.3 to 
0.5. 
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5.2 Interface 
The template of interface questionnaire is attached in Appendix R. The questionnaire was 
designed to investigate the common issues and variations that are associated with interface and 
geosynthetic properties (e.g., interface shear parameters, stress-strain) for the used in this study. 
To reiterate, the 'deviation' terminology in the subsequent discussion refers to the discrepancy 
of the measured variable from the originally planned or mean value (see Section 3.5.4). 
5.2.1 Interface friction angle 
The deviations of geosynthetic against geosynthetic (GS-GS) peak interface friction angle 
elicited (Figure 5.16) given by the participants range from 0 to 200% with medians of minimum 
and maximum of 10% and 30% (COV of 5% and 15% using Equation (3.9)), respectively. 
Except for participants E2, E7 and E8, the asserted maximum COY for Bas.os are almost 2 times 
higher than those reported (COV of 6.9% to 8.2%) in Section 4.5.2 for TGM-NWGT interface 
from repeatability tests. For GS-soil interface, the participants asserted similar deviations of 
friction angle as GS-GS interface. These COVs of peak friction angle for GS-soil interface are 
almost equivalent to the ones obtained for TGM-fines and NWGT -coarse interfaces (COV of 
3.7% to 16.7%) presented in Section 4.5. In general, the participants stated variations in large 
displacement friction angle lower than their peak counterparts, which are accurate for TGM-
fines and NWGT -TGM but not NGWT -coarse interfaces from the repeatability tests. 
--as-as interface 
, ] --- as-soil interface 
I 
• 
11 TI • ~ !I % n II ! 
2 3 4 5 6 7 8 9 10 11 12 13 
Expert no. 
Figure 5.16 Deviations of interface peak friction angle asserted by the participants 
5.2.2 Interface adhesion 
There was mixed responses when asked whether apparent adhesion would be considered 
in the design. Most of the experts might include and/or exclude adhesion in their design 
depending on design situation and application. The experts (e.g. E3, E7, Ell) would not 
consider adhesion in their design because adhesion may not have a long term basis and would 
disappear with time and/or with change in hydraulic conditions. Others (e.g. E2, E4, E6, E8, 
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EID, E13) would consider adhesion in their design because the parameter is a real part of shear 
strength especially if straight line is fitted to a curve failure envelope at high confining stresses. 
According to them, the friction angle and adhesion are linear mathematical variables that 
express the measured shear strength values at a corresponding normal stress. Furthermore, 
adhesions from Velcro effect for TOM-NWOT interface is a true shear strength particularly at 
low normal loads. Meanwhile, participants E5 and E9 would adopt adhesion for design that 
involved high overburden pressure, while imposing a cautious estimate of shear strength by 
ignoring adhesion for low normal stress and seismic designs. 
The deviations for interface peak adhesion (1Xp) stated by the experts are summarised in 
Figure 5.17. It ranges from D to 200% with medians of maximum and minimum deviations of 
20% and 57.5% (equivalent to COY of 10% and 28.8% using Equation (3.9)) for OS-OS 
interface. The asserted COVs of peak adhesion are in accordance with 10.5% computed for 
TOM-NWOT interface in Table 4.18. For OS-soil interface, the medians of maximum and 
minimum deviations for IXp are 20% and 50% (COV of 10% and 25%), which are less than the 
calculated COVs of 41.1% (Table 4.17) and 37.2% (Table 4.19) for TOM-fines and NWOT-
coarse interfaces, respectively. In general, the participants asserted deviations for interface large 
displacement adhesions «(XLD) lower than their peak counterparts. The asserted deviations for 
(XLD (COV of 0% to 17.5%) are close to the COY of 8.6% (Table 4.18) and 14.7% (Table 4.17) 
computed for TOM-NWOT and TOM-fines interfaces, but underestimated the COY of 51.8% 
(Table 4.19) for NWOT-coarse interface. 
" 
150 
u 
- GS-GS interface \ 
'tj * 120 
" ~ 
--Q- GS-soil interface 
" '" 90 
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o ~ 1 ~-" 60 
"'''' o '" 
J1 
:~ ~ 30 11 ~ IJ > " • Cl c- O 
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&pert no. 
Figure 5.17 Deviations of interface adhesion asserted by the participants 
5.2.3 Distribution types of interface shear strength parameters 
The candidate distributions suggested by the experts to represent interface shear friction 
angles are normal, lognormal and normal with truncated tails, while the distributions assigned 
for apparent adhesion include normal, lognormai and beta. Normality is chosen by most experts 
due to the lack of knowledge regarding variability, and many soil parameters tend towards 
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nonnal distributions. Furthermore, practitioners are more familiar with a normal distribution, 
and nonnality assumption usually yields a more conservative result than other candidate 
distributions. One expert commented that lognonnal should be selected to account for the 
common inherent conservatism of geotechncial engineers in selecting friction angle, while 
cohesion can be represented by a beta distribution because engineers are more likely to look for 
a best estimate of adhesion rather than a safe lower bound. Additionally, one expert stated that 
limited number of interface tests perfonned are insufficient to assign the variability using any 
distribution type. Therefore, he suggested the conventional approach of dealing with uncertainty 
through factor of safety in a stability analysis. 
5.2.4 Selection of interface shear strengths 
Multiple responses were collected when asked for the type of interface shear strength that 
he/she would adopt for the design of basal lining and veneer cover soil systems. Summary of 
their responses are as follows: 
For basal lining system; 
• One expert (E5) suggested that any strength either peak, large displacement or 
combination of both can be adopted depending on FS used. 
• Three experts (E3, E4, E7) recommended that LD strengths should be utilised since large 
strain is expected to be mobilised. 
• Three experts would use peak strengths (E2, Ell, E13) for design, as well as using LD 
strengths to check that FS is greater than 1.0. 
• One expert (E6) would utilise LD strength of interface with the lowest peak strength. 
• Two experts (E8, ElO) stated that they would use combination of both strengths for 
design; Participant EIO suggested peak strength for base and LD strength for side slope, 
while participant E8 would apply 80% of peak strength for base, and interface shear 
strength corresponding to 50 to 75mm of displacement for side slope to reflect the effect 
from construction and waste settlement. 
For veneer cover system; 
• The same strengths as stated for the basal lining system with additional opinion (EIO) of 
using slightly degraded peak along the cover slope for non·seismic area. 
All experts agree that residual shear strength should be used for seismic design, especially when 
yield acceleration of the interface is smaller than the peak horizontal acceleration. 
The experts were also asked to state the value of FS considering different types of options 
adopted for interface shear strengths. A summary of the given FS for basal lining and veneer 
cover systems for different strength options are illustrated in Figures 5.18 and 5.19, 
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respectively. For basal lining systems, the corresponding safety factors are in the range of 1.3 to 
1.7, with 86% of experts asserting FS of 1.5 when peak interface shear strengths are used for 
design. When LD shear strengths are utilised, the factors of safety are in range of 1.0 to 1.5 with 
57% of expert asserted a value of 1.3. For peak shear strength at base and LD shear strength at 
side slope, the experts would adopt FS in the range of 1.2 to 1.5 with the majority of them 
opting for 1.4 to 1.5. The experts suggested FS of 1.3 to 1.5 for other combinations of peak and 
LD shear strengths. 
Similar to the basal lining system. FS for veneer cover system using peak strengths range 
from 1.3 to 1.5 with the majority stating 1.5. Using LD shear strengths, the PS given are in 
between 1.1 and 1.5 with most preferring 1.3 while for other combinations of shear strength, FS 
range from 1.3 to 1.5. According to the experts, the FS values are chosen based on specific 
regulations and common standard of practice as well as depending on temporary or permanent 
slopes, buttressing due to waste placement and consequences of failure. It can be observed that 
FS for the basal lining system is slightly larger than for veneer cover system using peak shear 
strength due to higher consequences of failure or higher cost of repair if failure does occur in 
basal lining. Moreover, most FS corresponding to LD shear strengths given by the experts are 
greater than 1.0, which imply that there is still a margin of uncertainty in LD shear strengths and 
additional forces that might act on the systems. For seismic design, the experts suggested FS of 
at least 1.0 using large displacement shear strengths. For FS<1.0, displacement analysis should 
be carried out to determined that the deformations are within tolerable limit to ensure integrity 
of the structure. Furthermore, the FS given are also based on the assumption that adequate 
drainage layers are provided at side slope and final cover soils. 
2.0 
1.8 
~ 1.6 
" .~
1.4 ~ ~ 
'" ~ 1.2 
1.0 
0.8 
BASAL LINING SYSTEM 
• 
J 
" 
"-" _. - X" - -X-" - -1-' -oz- - - --
...... ~ .. ,: .. :: .. ~ ... ~ .. 1' ....... ·l········ i:i" 
2 3 4 5 6 7 8 9 10 11 12 13 
Expert no. 
Avg. FS using 
peak interface 
strength 
- -x- • Avg. FS using 
peak@base, 
ill@side 
... El ... Avg. FS using 
ill interface 
shear strength 
Figure 5.18 FS corresponding to different strength option for basal lining system 
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Figure 5. 19 FS corresponding to different strength option for veneer cover system 
5.2.5 Allowable strains for geosynthetics 
The next question explored the allowable strain that can be subjected to a geosynthetic 
acting as reinforcement and non-reinforcement components. Six experts have responded fully or 
partially to these questions. COincidentally, four experts stated that geosynthetics for 
reinforcement .component should not be subjected to more than 5% strain. They gave factors of 
safety corresponding to the strain in the range of 1.0 to 2.5. For non-reinforcing components, 
there are mixed responses. An expert suggested that no strain should be imposed on the 
geosynthetic while others gave strain in the range of 2.5% to 10%. The factors of safety for non-
reinforcing components subjected to tensile stress range from 1 up to a factor of 5. One expert 
commented that reinforcing elements are generally not installed in caps. He further stated that 
allowable strains are too variable between geomembranes and geotextiles to give a general 
range of strain. Additionally, he tried to avoid putting the critical geosynthetic elements in 
tension. Another expert suggested that the allowable strain depends on the material. For HDPE, 
which has a defined peak strength with corresponding elongation of about 12%, the elongation 
is kept within 2% to 5% range. For LLDPE, which continues to gain strength with no well-
defined peak, the strain limit is determined by structural considerations. During feedback, the 
participants agreed that the maximum allowable strain in HDPE GM should be limited to 2 to 
5%. Addionally, one expert (E5) would allow strain up to 10% for geotextile (e.g. separation) 
and geocomposite (e.g. drainage). 
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Figure 5.20 Allowable strain for reinforcing and non-reinforcing geosysthetics given by the 
experts 
5.3 Tolerances in Construction 
As the name suggests, the tolerances questionnaire explores possible uncertainty that can 
occur to the geometry of landfill during construction and waste placement operations. The 
geometry of the landfill considered includes side slope angle, capping slope angle, height of 
landfill, cover soil and waste thicknesses, and· waste angle at closure. The questionnaire 
template is attached in Appendix U. In the questionnaire, the variations in construction 
tolerances are in terms of deviation defined in Section 3.5.4. In the following discussion, 
median values are used to locate 'central' opinions because the deviations asserted by 
participants were found to vary. significantly from each other. Since the extreme asserted 
deviations are disregarded when using median values, the COY is computed using Equation 
(3.9). 
5.3.1 Side slope inclination 
Figure 5.21 illustrates that the deviation of side slope angle from the planned could range 
from zero to as high as 150%. One reason for zero deviation to occur is due to the use of laser 
controlled equipment for control during construction. The maximum variation occurs due to 
lack of proper training of the operator, good quality surveying and/or construction quality 
assurance. The median for minimum and maximum deviations fall at 4% and 18%, which 
corresponding to COY of 2% and 9%, respectively. During feedback, participants E9 asserted 
that he would most probability assign the maximum deviation of 10% (COV of 5%) to the side 
slope inclination. 
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Figure 5.21 Deviations of landfill side slope angle from planned asserted by the participants 
5.3.2 Capping slope inclination 
For capping slope angle, the range of deviations given by the experts (Figure 5.22) are 
zero to as high as llO%. The median minimum and maximum deviations are 2% and 10% 
(COV of 1 % and 5%), respectively. The minimum deviations correspond to a higher degree of 
accuracy in surveying and high competency in a company to carry out capping-closure, while 
the maximum variations occur due to greater difficulty in grading capping layers, which are 
highly influenced by waste settlement and a tendency to overbuild. During feedback, all four 
participants disagree with the consensus deviations because landfill capping slope usually 
displays greater variability than base side slope due to rudimentary fill control and waste 
settlement. Participant E9 stated that the maximum deviation for capping slope would vary up to 
20% (COV of 10%) due to mechanical waste settlement at closure. 
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Figure 5.22 Deviations of capping slope angle from planned asserted by the participants 
5.3.3 Landfill height 
The deviations for landfill height from planned depicted in Figure 5.23 range from 0 to 
120%, with median of minimum and maximum deviations at 1% and 5% (COV of 0.5% and 
2.5%), respectively. The minimum deviations are based on the arguments that landfill height is 
often govemed by permit and contro\1ed carefully by surveying periodically. The height is also 
controlled by topography and construction methods, which can yield accurate results. However, 
participant EIO disagreed with the consensus variations based on the argument that waste 
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settlement is ultimately 25% or more of the planned final landfill height, and therefore, landfill 
height is a moving target dependent on the time when measurement is made. Conversely, 
participant E9 stated that the upper bound should not be more than 2.5% because landfill 
operator cannot exceed their permit approvals. Although EIO pointed out a valid argument, the 
variation of landfill height in this study refers to end of construction, and not the long-term 
conditions. 
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Figure 5.23 Deviations of landfill height from planned asserted by the participants 
5.3.4 Cover soil thickness 
According to Figure 5.24, the deviations for cover soil thickness stated by the participants 
range from zero to 100%, with median for minimum and maximum corresponding to 2% and 
10%, respectively. The mode value for deviations given by the experts coincides with 10% 
(COV of 5%), which is normally the tolerance value allowed in construction. However, 
participants E2 and E5 stated that the deviation of cover soil thickness could vary higher than 
10% ofthe planned soil thickness to establish the final grades, especially at grade breaks (e.g., 
corner). Due to its high uncertainty and non-consensus among participants, a sensitivity analysis 
is carried out to investigate the effect of this parameter on design (e.g. veneer cover stability in 
Chapter 6). If found significant to design, the uncertainty is treated either by analysing the worst 
case scenarios or including it as a random variable in Monte Carlo simulation . 
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Figure 5.24 Deviations of cover soil thickness from planned asserted by the participants 
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5.3.5 Waste lift thickness 
Waste lift thickness is an operational variable and is required to compute the tensile stress 
in the basal liner. Based on Figure 5.25, the range of waste lift thickness are 0.2 m to 9 m, 
depending on operational efficiency, practically, and equipment on site. Participant E8 stated 
minimum, mode and maximum values of 1 m, 3 m and 5 m, are thicknesses based on US 
practice. However, the average for minimum, mode and maximum values from participants are 
1 In, 4 m and 7 m, respectively. Assuming that the waste lift thickness is beta distributed, while 
the standard deviation is estimated as (U-L)/6 (see Section 3.5.4), the consensus beta 
distribution with mean and COY of 4.1 m and 31.7% is illustrated in Figure 5.26. However, 
participants E5 asserted that the distribution of waste thickness is likely bi-modal, with one peak 
at 3 m and a second at 6 m, depending on operational practices. For this study, the waste lift 
thickness is taken as a constant variable in the numerical analyses presented in Chapter 7. 
Nevertheless, the stresses and strains in and along the lining system for the numerical landfill 
model with waste lift thickness of 2 m and 10 m are also compared in Section 7.7.2. 
~ 12.0 ;·....:.:.;;=·R;;;,g~gi~~;:;:·::::::A~g:;;;J;:;==A~g:;;:;;d~···:.: ... :A~g:;:;,,;~ 
_ 10.0 1'----~=----.---=-------=-------=---'1 
.:l 80 
.s -- . ~ g ~:~ 1-' -' '-'-' ._ ....J. 'f-'-' -' -' '-' -' +' -' -I' f-' '-'-' '-'-' '-'-' '-' -' .-'.(-. '-' -' T+'-'-' '+-' '-'-' '-' -' -' -' -' -' +--1 
~ ~:~ +-' -' ,. '-' '-'-' r-'-' '-' TO '-' -' .,. -' -' -' r-' '-'-' 'T'-' '-'-'!' •'-' -' '-' r-'-' -' T' '-'-' '.,.'-' '-'-"r-' -"-' T' -' _ .. ..,---1 
1 2 3 4 5 678 
Expert no. 
9 10 11 12 13 
Figure 5.25 Range of typical waste lift thickness asserted by the participants 
0 1.0 
'Vi 0.8 
" 
" "0 0.6 
.E' 
.-~--~~~~-----,==============~6 
AssuIIX! beta distribution !==Q;;:;;~;:;~~;dktrib~ti~;:;1 
l-.. -_.-.JlJqJ~~~:?~'r:i~lItiO.~S_ 
:8 0.4 
" .c 0.2 £ 0.0 
0 1 2 3 4 567 8 9 
Was te lift thicknes s (m) 
Figure 5.26 Experts' and consensus distributions for waste lift thickness 
5.3.6 Waste inclination 
Waste angle is generally prescribed by regulators and is related closely to stability issue. 
According to the experts, the minimum waste angle depends on volumetric aspects, long-term 
shear parameters, degradation behaviour of waste and seepage water. Participant E8 stated that 
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the minimum waste angle can be as low as 2 degree, which is required for drainage, while the 
maximum limit of the waste angle is controlled by the stability requirement for the waste mass 
and cover interfaces. Other considerations of the waste angle include seismic setting, waste 
properties, water level, and subsoil stability. The waste angle given by the experts ranges from 
zero to 60° with medians for minimum and maximum waste angles of 9° and 28°, respectively 
(Figure 5.27). The average waste angle may vary between 8° to 32° with mean of 20° and COY 
of 35% assuming uniform distribution. For this study, the variability of the waste angle to the 
integrity of lining system are not investigated. J ones (1999) found that the waste inclination has 
no influence on the mobilised stresses along side slope lining system, and therefore, is consider 
an insignificant parameter to integrity analyses in Chapter 7. 
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Figure 5.27 Range of acceptable waste inclinations asserted by the participants 
5.3.7 Distribution types for landfiJI geometry 
Only three experts express their opinions regarding the types of distributions that they 
would assign to the geometry of a landfill. The candidate distributions are summarised in Table 
5.13. Participant E2 commented that uncertainty in the geometry is handled by analysing the 
worst case conditions and achieving an appropriate FS. Additionally, participants EB and E13 
express that landfill geometry should not be considered as random variables because they are 
normally well-controlled on site. All experts also agree that the tolerances of construction are 
not controlled or influenced by the size of the project, which are quantified by the experts in 
(Table 5.14). Participant ElO revised the size of landfill based on footprint area to 4e3 to 2.5e4 
m2• 2.5e4 to 6e4 m2 and 6e4 to 5e5 m2 for small, medium and large projects. He also 
recategorised small, medium and large project costs corresponding to USD of 3e4 to 2e6, 2e5 to 
5e6 and 5e5 to 3e7, respectively. 
5_3.8 Summary of construction tolerances 
To summarise, the elicitation on tolerances of construction presents a wide view from 
participants. However, it needs to be highlighted that the purpose of this questionnaire is to seek 
information on the degree of accuracy for the geometry of landfill during construction and 
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waste placement operations (until closure), which exclude the long-term conditions (e.g. 
changes of geometries due to secondary settlements). Most of the experts (El, E2, E8, E9, E13) 
who have responded to this questionnaire expressed that they would not consider geometries of 
landfill as random variables in probabilistic analyses. For conservatism, most of the coefficient 
of variations for landfill geometries due to construction tolerances in Chapter 6 are assigned 5% 
from planned. 
Table 5.13 Candidate distributions for landfill geometries selected by the experts 
Geometry ExpertS Expert 9 Expert 8 
Side slope angle Nonnal Unifonn NonnalfTriangular 
Capping angle Lognormal Uniform Normalrrriangular 
Landfill height Beta Uniform Normalrrriangular 
Thickness of cover soil Beta Uniform NormalfTriangular 
Thickness of waste lift Beta Triangular NormalfTriangular 
Waste slope at closure Lognormal Uniform Nonnalrrriangular 
Table 5.14 Size of project based on area, height and project construction cost quantified by the 
participants 
Size of SMALL MEDIUM LARGE 
project Ran!;e Median Ranse Median Ranse Median 
AREA (mA2) SE2 toSE4 2E4 1E4 to IES 7E4 SE4 to 5ES I.3ES 
HEIGHT (m) 5 to 30 13 20 to 60 28 30 to 120 63 
COST (USD) 2E4to ISE6 2E6 1E5 to SE7 6.5E6 1E6 to 2.S0E8 l.SE7 
5.4 Loadings 
Although common loadings such as pore water pressures, and plant and equipment 
loadings acting on a landfill are not included in the scope of study, the possible values and 
variations are elicited to gain understanding on how these loadings are taken into account in 
design. Moreover, the elicited values may be retained for future development of probabiIistic 
landfill designs considering different loading scenarios. The template of pore water pressures 
(Questionnaire 3A) and equipment loadings (Questionnaire 3B) questionnaires are attached in 
Appendices Sand T, respectively. 
5.4.1 Pore water pressures 
Pore water pressure is one of the most important elements in design that needs subjective 
judgment from the experts due to a lack of reported measurements in the literature. Four experts 
(E2, E3, E4 and EIO) have responded to this questionnaire. The questionnaire encompasses 
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details such as the sources of leachate in the waste, leachate scenarios in dry landfill, value and 
distribution for parallel submergence ratio (PSR) defined in Figure 5.28, and magnitude of 
leachate head on basal lining. 
Leachate arises from rainfall percolation, product of waste degeneration and groundwater 
penetration. All four experts have stated with certainty that leachate mainly originated from 
rainfall percolation. The leachate scenarios arranged in the order of most likely to occur in a 
landfill are leachate head on liner caused by poor monitoring and removal of leachate from 
sumps, discontinuous leachate due to preferential paths developed in waste, perched leachate in 
areas with low permeability where waste and soil have been heavily compacted (e.g., below 
haul roads), leachate head with gas entrapment on liner as gas level rises and finally, leachate 
under excess pore water pressure if saturated waste is loaded rapidly or leachate injection is 
introduced. 
PSR = hwlht 
Drainage 
Figure 5.28 Definition of parallel submergence ratio (PSR) 
In Table 5.15, participant E2 asserted a PSR value of 1.0 based on the argument that 
capping system are required to function for many years, and therefore, it is likely that the soil 
will be saturated at some point. Medians for the range of minimum, mode and maximum PSR 
values are 0.20, 0.45 and 0.80, respectively. Factors that are taken into account by the experts in 
estimating PSR values include climate (e.g. maximum precipitation or impingement rate in the 
case of bottom liners), slope inclination, soil types (e.g. hydraulic conductivities), and drainage 
media. The mean and COY of the consensus beta distribution for PSR are 0.53 and 28.3%, with 
the distribution parameters AJ, Az, min,and rnax (Section 3.5.4) of 3.83, 4.16, 0.1 and 1.0, 
o respectively. However, it needs to be highlighted than this distribution is achieved based on 
opinion of four participants only and may be inconclusive. 
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Table 5.15 Minimum, most likely and maximum PSR values given by the experts 
PSR value 
Minimum 
Mode 
Maximum 
.~ 
~ 
= 
" 
"'" g 
:B 
'" .0 J: 
8 
6 
4 
2 
0 
Expert 2 
0 
1 
1 
1 
0.2 
Expert 3 
0.3 
0.4 
0.6 
0.4 
Expert 4 
0.1 
0.2 
0.5 
0.6 
Expert 10 
0.1 
0.5 
1.0 
Mean 
0.38 
0.53 
0.78 
Median 
0.20 
0.45 
0.80 
Assume beta distribution 
--Expelts' distribution 
--Consensus distribution 
x 
0.8 1 1.2 
Parallel submergence ratio (PSR) 
Figure 5.29 Experts' and consensus distribution possible for PSR values 
Figure 5.30 illustrated the possible range of leachate heads within the waste body stated by the 
participants during operational, post-closure and for bioreactor (e.g. leachate circulation) 
landfill. Partipants E3 and E4 gave low leachate head values of less than 0.6 m, while the 
maximum leachate heads asserted by E2 and ElO reached up to 10 m and 20 m, respectively. 
On average, the leachate heads acting on basal lining ranges from 0.1 m to 8.0 m according to 
values given by the participants. Although E2 and ElO agree with the average values, 
participant E9 did not agree with any values less than 0.3 m, while expert E5 could not envisage 
a 8 m head of leachate. In summary, consensus on mean value and uncertainty of leachate heads 
are not achieved in this elicitation exercise. However, the experts agree that higher heads 
correspond to long-term analyses and vice versa. 
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Figure 5.30 Minimum, most likely and maximum leachate head on basal lining given by the 
experts 
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5.4.2 Plant and equipment loadings 
Table 5.16 summarises the range of deviations from the most likely value for contact 
stress stated by the experts with the medians for minimum and maximum deviations of 12.5% 
and 75% (COV of 6.3% and 37.5%), respectively. According to the experts, the deviation 
occurs due to variation of actual load distribution resulting from uneven surfaces and 
heterogeneity of waste. When questioned about the distribution type for equipment downward 
force (e.g. selfweight). experts E3, E4 and E5 suggested a normal distribution, while participant 
E8 commented that uncertainty can be addressed by adopting appropriate FS. 
Table 5.16 Range of deviations from the most likely value for contact stress given by the 
experts 
Expert 3 Expert 4 Expert 5 Expert 8 Expert 9 Expert 10 
Deviation (%) 25 to 50 15 to 20 10 to 100 50 to lOO 10 o to lOO 
Six out of seven experts would not consider braking force of equipment during design 
because equipment are not allowed to travel downslope. Regarding the acceleration magnitude 
of equipment travelling upslope, only three experts have responded and the values are 
summarised in Table 5.17. The acceleration values given by the experts are in the range of 0.10 
g to 1.0 g. Assuming that equipment acceleration can be represented with a beta distribution, the 
mean and COY of consensus beta distribution elicited using three experts' opinions are 0.402 g 
and 21.4%, respectively. Although participant E5 agreed with the consensus distribution, 
participant E9 commented that there is insufficient data to arrive at such consensus. Meanwhile, 
participant E10 suspected that the minimum, mean and maximum values should be about 0.05g, 
0.2g and 19, with COY higher than 21.4%. 
When asked about global FS corresponding to equipment loading, five experts responded 
and the values of FS range from 1.0 to 2.0, with most of the experts suggested FS value in 
between 1.3 to 1.5. However, the selection of FS depends strongly on whether peak or large 
displacement shear strengths are used in design as discussed in Section 5.2. Three out of four 
partiCipants (E2, E9 and E10) agreed that they would adopt similar FS with consideration of 
equipment loadings, selfweight of cover soil and pore pressures. Meanwhile, participant E5 
would consider FS values of 1.3 and 1.1 to account for equipment and plant loading if peak and 
large displacement shear strength are used, respectively. 
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Table 5.17 Acceleration of equipment/plant acting on the slope (in g) given by the experts 
Acceleration 
Minimum (g) 
Mode (g) 
Maximum (g) 
Oil 1.2 
" 1.0 ~
" 0.8 .S ~ 
~ 0.6 
" 
u 0.4 u 
'" ~ 0.2 
" 
'" 6: 0.0 
» 12 
." ~ 10 
" 
" 8 '0 
~ 6 
~ 4 
.a 2 £ 0 
Expert 3 
0.10 
0.50 
1.00 
Expert 4 
0.25 
0.50 
0.70 
Expert 10 
0.10 
0.20 
0.30 
Mean 
0.28 
0.27 
0.67 
Median 
0.25 
0.50 
0.70 
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Figure 5.31 Plant acceleration estimated by the experts 
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Figure 5.32 Experts' and consensus distributions for plant acceleration 
Finally, the experts asserted that seismic loading, puncture loads due to equipment, 
seepage and snow, with consideration of geological discontinuities should also be included in 
the calculations for stability and integrity of liners. Expert (El) suggested to consider any loads 
acting on basal and cover of landfill, which would result in a maximum compression of 5% of 
the landfill foundation (e.g. clay liner). Additionally, expert E8 commented that loads from 
temporary stockpiles rarely exceed the design load from the full waste column and therefore, 
need not to be evaluated in detail. Most participants asserted high probabilities in the range of 
0.3 to 0.8, that the additional loads will and do occur in landfills. 
5.5 Uncertainty Treatments 
During feedback, the experts were asked which of the following methods they would 
adopt, or to suggest other approaches to account for uncertainty and variability in designs: 
• Method 1: Maintaining the target FS and adopting conservative design values; 
• Method 2: Changing FS corresponding to different degree of uncertainty; 
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• Method 3: Utilising probabiIistic approach and justifying that the uncertainties are within 
tolerable limit. 
Participants E9 and E10 would select methods 2 and 3, respectively, while participants 
E2 and E5 would stilI prefer the traditional approach based on method 1. According to 
participant E5, changing the FS or using probability may be appealing from a logical 
engineering perspective, but it can make regulatory approval difficult to impossible. 
Nevertheless, participants E9 and E10 asserted that methods 2 and 3 are logical approaches to 
justify and prove design decisions. However, both methods require quantification of uncertainty 
and variability corresponding to significant design parameters (e.g. Chapter 4) as well as 
additional acceptability criteria (e.g. failure probability). 
Eurocode 7 (2004) is one example of indirect treatment of uncertainty by applying 
different partial safety factors to characteristic loads and strengths of the system. This is 
considered a conventional approach in design, in which characteristic or in other word, 
conservative, design values are used to achieve an acceptable overall safety factor. One major 
drawback in this method is that it does not justify the different magnitude of safety factors with 
the different degree of uncertainty, and hence, could not be used to justify the cost of carrying 
out additionally testings. 
An example based on Method 2 is presented in Section 4.5.5. Additionally, a risk matrix 
also provides useful guidance on how acceptable FS values should change with varying degree 
of risk (consequence x failure probability). Attemps were also made in Questionnaire 3B 
(Equipment and Plant Loadings) to establish a risk matrix shown in Table 5.18. The numeric 
values in the table are fictitious and only for illustration purposes. For example, when 
probability and consequences of failure are low, the target factor of safety can be in the range of 
1.0 to 1.3. Conversely, high probability and consequences of failure required a larger FS, say, 
2.5 to 3.0 to warrant a safe design. Unfortunately, most experts refrained from responding to 
this series of questions. Participant E8 commented, " .. . because the uncertainty in the overall 
analysis is such that we can't defensibly modify the design, e.g., to save the cost of a few cm of 
soil, with enough confidence to take this sort of approach We would not take this approach. We 
would modify the design so that the probability of failure due to equipment load is acceptably 
low, and stay with a FS of 1.5". Furthermore, the probability of failure can be lowered by 
reducing the uncertainty through more testing or construction controls. Although a risk matrix is 
ideal for treating risk in design, much effort, consensus and calibration are required before it can 
be accepted by geotechnical community. 
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Table 5.18 An illustration of risk matrix to determine FS corresponding to different level of 
risk 
~ability LOW MEDIUM HIGH 
Conseque:::nc:::::ee:.-____ -==::=..f-_~PLf<~10~e::.:-6:_".-__+-..:.1.::0e"'-:c_6..::<~P:;!_f<.::._=:1O::;e'"'-2~_+-"""'""7_:P:..tf.::;>",1O~e:::;-27-::_-l 
LOW 1.0 < FS < 1.3 1.3 < FS < 1.5 1.5 < FS < 1.7 
MEDIUM 1.3 < FS < 1.5 1.5 < FS < 2.0 2.0 < FS < 2.5 
HIGH ~-------+---71~.5..::<~F~S~<~1~.7~--t---~2.~O..::<~F~S..::<~2~.5~--f-~2~.5~<~FS~<~3~.O---l 
Another approach that deals directly with uncertainty and variability in design is to define 
the acceptable failure probability. In this method, all involved parties deliberate on the 
acceptable failure probability for a system, which is then followed up with a course of actions to 
achieve the agreed value. During feedback, the participants were asked to give overall 
acceptable failure probabilities for the combined mUltiple failure scenarios (ultimate and 
serviceability limit states) demonstrate in Figure 5.33, which are typically computed using the 
following equation (McGrath et al., 2002): 
P(F) = 1-P(F) = 1- I1[1- P(Fj )] 
all_j 
(5.1) 
where P(F) is the probability that no failure occurs for the design, and P(Fj ) is the failure 
probability of scenario i (e.g. stability of cover system). For ultimate limit state, participants E2, 
E9 and ElO asserted acceptable failure probability of le-3, 5e-3 and le-4, respectively. 
According to participant EIO, higher values are acceptable (if stakeholders are informed) for 
cover systems, but he would not recommend values greater than 5e-3 and 5e-4 for covers and 
bottom liners, respectively. For serviceability limit states, participants E2, E5, E9 and ElO 
stated acceptable failure probability of 5e-3, 5e-2, le-2 and le-4 assuming only monetary 
damage and no loss of life or irreversible environmental damage. Participant EIO further 
commented that he would accept values as low as le-2 with stakeholders informed. 
In the subsequent chapters, the uncertainty and variability in landfill enginnering designs 
are dealt with, using Methods I and 3. In Chapter 6, the variability of design parameters are 
taken into account with an acceptable failure probability, while maintaining a target FS. This 
approach is an assimilation of Methods 1 and 3 and viable because the performance function for 
veneer cover stability is relatively straight forward. Since the integrity of the landfill involved 
finite difference formulations, the uncertainty in design parameters are treated through assessing 
the associated failure probability (e.g. Method 3) for conformity. 
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Figure 5.33 Engineering designs for ultimate and serviceability limit states of a landfill facility 
5.6 Chapter Summary 
One of the objectives of the expert elicitation process is to provide consensus values and 
distributions for design parameters that are nonnally not attainable in literature, for use in 
probabilistic landfill engineering designs. However, with participants that are geographically 
spread, the range of elicited values could be considered comparable to those compiled from 
literature studies, if any exists. Moreover, since most of the parameters are not measured, the 
values expressed by the experts may originate from literature studies. Therefore, although 
expert elicitation is a good technique to fill the gap of unobtainable information, it needs to be 
carried out in a smaller scale (e.g. within a company for a specific project) to produce more 
useful results. The few consensus values and distributions presented in this chapter are only a 
general agreement, which need to be further tested and proven in the future with proper 
measurements. If utilised for design, these values should be used with cautious and supported 
by local case studies or literature. 
Some the outcomes from the elicitation process that are used in subsequent chapters 
include the following: 
• The unit weights of waste are normally distributed with mean, minimum and maximum 
values of 9.8 kN/ml, 6.9 kN/ml and 12.6 kN/ml, respectively, and COY of 19.4%. 
• The waste friction angle and cohesion of 31.10 and 2.5 kPa are assigned deterministically 
to a numericallandfill model in Chapter 7. 
• The allowable strain criteria for non-reinforcing geosynthetics are limited to 2-5%. 
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• The deviations regarding the tolerances in construction were found to vary significantly 
between participants. However, it needs to be elucidated that some of the deviations 
stated by the participants include long-term conditions, which are not investigated in this 
study. In general, most tolerances at the end of landfill construction (e.g. during closure) 
are within COY of less than or approximately 5% for side slope inclination, and height 
of landfill, while COY is about 10% for cap inclination. Some experts suggested that 
construction tolerances should be dealt with deterministically (e.g. analysing worst case). 
• Different methods to deal with uncertainty and variability outlined in Section 5.5 are 
tested and presented in Chapters 6 and 7 to highlight the merits of probabilistic approach 
in landfill engineering designs. 
Additionally, some important issues regarding probabilistic approach are also considered 
during the elicitation process. The poor responses from participants may demonstrate that 
experts are cautious when asked to assert probability distributions since such information is 
uncommon in the literature. Furthermore, the absence of a facilitator to explain in detail the 
purpose of the questionnaire may have hindered the quantity and quality of responses since 
some experts might have misunderstood the questions. For example, the terms of failure 
probability may be confused with risk, which is the product of failure probability and 
consequence. The experts were hesitant to assert the acceptable Pr for a landfill system because 
they could not envisage a single value for different consequences. Moreover, experts who may 
have vast experience in dealing with uncertainty and variability in design deterministically 
through factor of safety, are unfamiliar with Pr. For example, when asked about the probability 
of instability due to removal of toe support, one expert gave a probability of 1 in 10 landfills to 
fail for such cases while another gave the probability of 1 in 10 millions landfills. 
Finally, this elicitation exercise also illustrates that more collaboration and co-operation 
are needed to encourage and establish the use of subjective judgement in dealing with 
uncertainty and variability in designs using probabilistic approach. The geotechnical 
communities are tied to the traditional practice of safety factor and seem unwilling to embrace 
probabilistic design, which can justify explicitly the used of different- safety factors 
corresponding to different degrees of uncertainty, as well as the cost and benefit of conducting 
more tests for certain projects. In order to highlight the merits of probabilistic approach in 
design, regulations should be allocated to accommodate and guide practitioners on correct 
terminology and direct treatment of uncertainty (e.g. establishing probability of failure or 
unsatisfactory performance, or risk, together with the safety level). 
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Chapter 6 
RELIABILITY-BASED DESIGN I: VENEER 
COVER SOIL STABILITY 
6.0 Introduction 
Veneer cover soil systems in containment facilities such as landfills, dams and liquid 
impoundments involve geosynthetic-soil layers. These can consist of either single or multiple 
layers of geosynthetics and soils. One of the design criteria for veneer cover soil is to ensure 
that no slippage occurs between the layers during and after construction. Instability can be 
caused by the weight of the cover soil, equipment loadings, seepage forces within the cover soil, 
and/or seismic forces. Numerous researchers have introduced and adopted different methods to 
improve stability such as tapered cover soil, toe berms, reinforcement and modifying the 
geometry of the facility (Koemer and Hwu 1991; Koemer and Soong 2005). 
Using the relevant information from CHAPTERS 4 and 5, the. effect of variability in 
design parameters to the stability of a veneer cover system is presented in this chapter. The limit 
equilibrium wedge method with modified formulations from Giroud et al. (1995b) are used to 
produce a reliability-based design chart. However, a deterministic design chart is created 
initially as a first step to produce a reliability-based design chart, that incorporates the 
uncertainties in the significant parameters to the veneer cover soil stability. The design charts 
would provide an explicit graphical solution, which can be useful for preliminary design. It 
depicts the behavior of a system if a significant input parameter changes and thus, assists in 
determining the optimum design. 
6.1 Modified Limit Equilibrium Wedge Method 
Figure 6.1 illustrates the two wedges that are considered to act along the cover soil slope. 
Their force diagrams are used to formulate the factor of safety, against sliding mode of failure. 
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Unlike most researchers who defined the factor of safety in the limit equilibrium two-wedge 
method as the ratio between the available and mobilized values of the strength parameters, 
Giroud et al. (1995b) defined the factor of safety in the two wedge method as the ratio of the 
resistance over the driving forces. Their proposed formulations are adopted for the development 
in this study because they are computationally simple and reduce geometric manipulation. 
However, their formulations have been modified so that the terms are expressed in terms of 
interface shear strengths rather than individual derived interface shear parameters of friction 
angle and cohesion or adhesion. This modification allows more flexibility in choosing lining 
materials with different strength characteristics. 
The modified formulations inherit similar limitations and assumptions as those asserted in 
Giroud et al. (1995b). They include uniform thickness of the cover soil, dry conditions which 
assume that the drainage system is working efficiently, and no other slippage occurs except at 
the weakest interface. However, the approach developed in this study can be further extended to 
take into account tapered cover soil andlor submergence conditions, but this involves creating 
additional design charts for specific cases. 
u 
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Figure 6.1 Passive and active wedges assumed acting in veneer cover soil stability 
6.1.1 Definitions and formulations 
Symbols used in the formulations are defined in the schematic diagram of veneer cover 
soil shown in Figure 6.2. The subscripts 'P' and 'A' denote forces acting in passive and active 
wedges, respectively. Other definitions used throughout this chapter are as follows: 
• a Apparent adhesion of interface (kPa); 
• ~ Reliability index (-); 
• 15 Interface friction angle (0); 
• I\> Friction angle of the cover soil C); 
• Yd Dry unit weight of cover soil (kN/m\ 
• /lFS Mean value ofFS (-); 
• (JFS Standard deviation ofFS (-);; 
6-207 
• 'tIN 
• tsoil 
• <1>( .•• ) 
• c 
• CA 
• Cp 
• EA.Ep 
• FA. Fp 
• FS 
• NA,Np 
• Tgs 
• V[ ... ] 
• 
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Interface shear strength defined in Equation (6.12) (kPa); 
Shear strength of the cover soil defined in Equation (6.13) (kPa); 
Standard normal distribution function; 
Cohesion of the cover soil (kPa); 
Resistance due to interface adhesion along the active wedge (kN/m); 
Resistance due to cohesion of cover soil along the passive wedge (kN/m); 
Resultant forces acting between active and passive wedge (kN/m); 
Resultant force acting at the base of the active or passive wedge (kN/m); 
Factor of safety against sliding (-); 
Normal resultant force acting at the base of active or passive wedge (kN/m); 
Tension force from the anchored geosynthetics (kN/m); 
Coefficient of variation defined as the ratio of standard deviation over the 
mean value of the parameter stated in the bracket (-); 
Weight of active or passive wedge (kN/m). 
BASE CASE: 
Weakest interface: 
Sp=22.8", V[opJ=5% 
Cover soil: a p=5kPa, 
$=30°, V[$]=IO% 
,"" 
l'd=18 kN/m3 ,V[YdJ=5% H=30m, 
V[H]=S% 
Figure 6.2 Schematic diagram of the veneer cover soil showing base case values for design 
parameters used in the examples 
Formulations used to produce the design charts are derived using a similar force diagram 
to the one given in Giroud et al. (1995b). The geometry and acting forces on the active and 
passive wedges are shown in Figures 6.3 and 6.4. The resultant force (E) acting between the 
wedges is assumed to act parallel to the slope inclination. All forces used in the formulations are 
force per unit length perpendicular to the plane of the considered figures and diagrams. 
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(b) 
h I cos b 
• 
Nptan<j> C 
.iT - - - - - - - - .~----'''''-..., 
, 
, 
, 
, 
, 
, 
, 
, 
Np : 
Figure 6.3 Passive wedge: (a) geometry and force; (b) force diagram (after Giroud et aL, 
1995b) 
(a) 
H I sin b 
(b) 
hi cos b 
NA tan a ... 
-.I: 
H 
, FA 
, 
, 
, 
, 
, 
, 
, 
NA \ , 
, 
, 
, 
Note: 
Force diagram 
depicted herein is not 
closed, which 
indicates that the 
resistance forces are 
greater than driving 
forces, thus yielding 
FS greater than 1. O. 
Figure 6.4 Active wedge: (a) geometry and force; (b) force diagram (after Giroud et al., 
1995b) 
The force diagram for the passive wedge is solved fIrst to obtain Ep • The weight of 
passive wedge and the contribution from cover soil cohesion are given as follows: 
2 
Wp = fh 
2sinbcosb 
ch 
Cp =--
sinb 
Np in Equation (6.3) is obtained by solving the forces in the vertical direction. 
Np=Wp+Epsinb 
(6.1) 
(6.2) 
(6.3) 
By substituting Wp into and solving the acting forces in the horizontal direction yields Equation 
(6.4) for Ep• 
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Ep cosb = Wp tan~+Ep sinbtan~+Cp (6.4) 
Ep is then finally resolved to Equation (6.5) by replacing Equations (6.1) and (6.2) into Equation 
(6.4). 
h ¥ h 2 
_c_+ Id tan~ 
sinb 2sinbcosb Ep cosb-sinbtan~ 
Shifting to the active wedge force diagram, WA and CA are computed as follows: 
I'd Hh WA =--
sinb 
etH 
CA =--
sinb 
(6.5) 
(6.6) 
(6.7) 
NA in Equation (6.8) is then acquired by solving the force diagram in the direction perpendicular 
to the slope inclination. 
I'd Hh NA =WA cosb=-.-cosb 
smb 
(6.8) 
Finally, the following factor of safety against sliding is formulated as the ratio between the 
resisting (PR! and driving (Fo) forces, acting on the active wedge in the direction parallel to the 
slope inclination. 
FS= FR EA +CA +NA tan.,+Tgs 
FD . WA sinb 
(6.9) 
Resolving for FS by substituting Equations (6.5) to (6.8) into Equation (6.9) yields Equation 
(6.10). 
(6.10) 
Equivalently, 
FS = "rIN + -rsoil + Tgs 
rdhsinb rdHsinb(cosb-sinbtan~) I'dHh 
(6.11) 
where, 
(6.12) 
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Yd h 
'[soil = c+--tan~ 
2cosb 
(6.13) 
in order to reduce the number of variables involved in creating the design charts. T" is ignored, 
which is a conservative assumption and hence, is on the safe side. Moreover, it is good practice 
to minimise tensile stress in non-reinforcing geosynthetics such as geomembrane and geotextile 
layers. 
6.1.2 Modification to FS formulation for use in design charts 
To avoid infinite values of calculated PS (e.g., ~=60° and b=300), the denominator of the 
second term (Dz) in Equation (6.11) is maximized with slope inclination as follows, which 
results in a conservative PS. 
d(DZ) = 0 (6.14) 
d(b) 
As a first step, Dz is generalised to extricate the equation from the effect of cover soil cohesion 
by introduction of the R factor as follows: 
, . sin Z b 
Dz =rdHsmb(cosb-R--) 
cosb 
tan~ 
where R=--
tanb 
(6.15) 
The following approximation is obtained by differentiatingD~ of Equation (6.15) with slope 
inclination and solving Equation (6.14) . 
. _1[(3R+3)-~(3R+3)Z _4(2R+2»)o.5j b=sm 
2(2R+2) (6.16) 
A chart of maximised values for the denominator of the second term in Equation (6.11) is 
illustrated in . in a sensitivity analysis, this assumption yields insignificant differences of less 
than 0.01 compared to PS values calculated using the original formulation in Equation (6.11). 
However, this is only true for friction angles of cover soil, ~, not greater than 40°, cohesion of 
cover soil, c, not greater than 5 kPa, and slope angles, b, between 15° and 32°, 'Yd between 17 to 
20 kN/m3, but for any height, H, and thickness of cover soil, h. Any design parameters that fall 
outside these ranges may result in lower PS values than using those obtained using Equation 
(6.11), and therefore, these PS will be conservative. 
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I ......... yd=17kN/m"3 
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... 1... . Yd;ISkNiIDAj 
I 1- yd = 19 kN/m"3 
yd = iD kN/m"3 
I 
-
2.0 3.0 4.0 5.0 
Ratio, R = tan $ltan b, (-) 
6.0 
Figure 6.5 Maximum value for the denominator of term 2 in Equation (6.11) 
6.2 Development of Deterministic Design Chart 
6.2.1 Sensitivity analysis for deterministic design chart 
450 
400 ..: 0 
~ 
350 '8 g 
'" 300 .", ~8 250 .", N § Q 
200 <..> 
'" ~ a 
150 ~ 
·S 
100 :;: 
50 
To produce a deterministic design chart, a sensitivity study is conducted to evaluate the 
most significant parameters for the veneer stability model. The sensitivity of the input 
parameters are investigated using Tornado charts. A Tornado chart depicts a unit change in the 
performance measure ( Opy I py ) such as FS, for a unit change in input parameter ( op Xi I P Xi) 
about its mean value as follows: 
Si = Opy I py = oY I Px i 
op Xi I P Xi oXi px py 
(6.17) 
Positive Si values indicate beneficial contribution in increasing the performance measure 
(e.g. increase FS value), while negative values imply the opposite (e.g. decrease FS value). 
Figure 6.6(a) shows Tornado charts, using the partial derivatives shown in Appendix V, 
evaluated at the base case values stated in Table 6.1. Meanwhile, Figure 6.6(b) demonstrates 
percent contribution of uncertainty in input parameters to uncertainty in FS, computed using the 
following equation: 
(6.18) 
where V Xi is the coefficient of variation for an input parameter. 
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Soil friction 
Soil cohesion 
Cover soil density 
Cover soil thickness 
Interface friction 
Adhesion 
LandfI1l height -li!~~'ll::lll~~'~;:::::;::~ Slope angle -I' 
.---1,--------. -1.2-0.9 -0.6-0.3 0.0 0.3 0.6 
S. =oFS Jix, 
I aXi J.lX flFS A unit change of FS with a 
unit change in design 
(a) parameters, S, 
Soil friction 
Soil cohesion 
Cover soil density 
Cover soil thickness 
Interface friction 
Adhesion 
Landfill height ~~~~~~:::;:::::;:::7 Slope angle -I' 
,-----,:-;;--_ 0 10 20 30 40 50 60 70 80 90 
S2V2 
!J.u2 =~xlOO% 
FS 'Lslvli 
aJl_i 
(b) 
Contribution to uncertainty 
in FS from uncertainty in 
each design parameter (%) 
Figure 6.6 Tornado charts to illustrate sensitivity of (a) input parameters to change in FS, and 
(b) contribution of input parameter uncertainty to the uncertainty in FS 
Table 6.1 Design values for deterministic parametric study (the bold values are the varied 
typical range) 
H b 1d <I> C h 0 Cl. (m) C) (kN/m') C) (kPa) (m) (0) (kPa) 
Base 30 26.6 18 30 0 1 22.8 5 
H 20-50 26.6 18 30 0 1 22.8 5 
b 30 15-35 18 30 0 1 22.8 5 
1d 30 26.6 16-20 30 0 1 22.8 5 
<I> 30 26.6 18 25-45 0 1 22.8 5 
c 30 26.6 18 30 0-10 1 22.8 5 
h 30 26.6 18 30 0 0.2-2 22.8 5 
0 30 26.6 18 30 0 1 15-35 5 
Cl. 30 26.6 18 30 0 1 22.8 0-10 
Additionally, each design parameters is varied in its normal range stated in Table 6.1, 
with other parameters kept at base case values. The parameters that change FS less than 5% of 
the target FS of 1.5 within their ranges (Le., 1.425<1'S<1.575), are considered to be 
insignificant. Based on the Tornado charts and additional sensitivity analysis outputs depicted in 
Figure 6.7, it is found that the critical parameters are interface shear strength parameters, ex and 
0, slope inclination, b, and cover soil thickness, h, while insignificant parameters include 
friction angle, <1>, and cohesion, c, of cover soil, height of the landfill facility, H, and dry unit 
weight of cover soil, 'Yd. To create the design charts in subsequent analyses, insignificant 
parameters are kept at their constant mean base case values. 
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(a) 
(b) 
2.0.,-----------:;.,-r---, 
1.2 -'-«----;O-InLc-re-as-in,.-g-v-al:-u-e-o""f in"-pu-t'--_.J 
parameter within the stated range 
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Increasing value of input 
parameter within the stated range 
...... . Soil friction (25 - 45 deg) 
- - - - Soil cohesion (0 - 10 kPa) 
----Interface friction (15 - 35 deg) 
---Interface adhesion (0 - 10 kPa) 
- - Criteria (1.425<FS<1.575) 
- - _ ... - Soil's Wlit \>eight (16-20 kN/m'3 
- - - - Thickness of soil (0.2 - 2.0 m) 
---Landfill height (20 - 50 m) 
1---S1ope inclination (15 - 35 deg) 
-- - Oiteria (1.425<FS<1.575) 
Figure 6.7 Sensitivity study of (a) positive and (b) detrimental input parameters on FS 
6.2.2 Deterministic design chart 
Figure 6.8 depicts deterministic design charts of veneer cover stability for a landfill 
height of 30 m and cover soil thickness, h, of 0.5 m and 1 ID, respectively. The curves in the 
design chart are created to achieve FS of 1.5 for any combination of maximum slope inclination 
or minimum required interface shear strength at the weakest interface. Application of the 
deterministic design chart is illustrated in Section 6.2.3. The deterministic design chart enables 
the selection of different types of geosynthetics for lining materials based on the required 
interface shear strength for stability. Therefore, suitable and economical geosynthetic materials 
can be selected to form a liner, that will satisfy the minimum requirement of safety against 
sliding. Additionally, the landfill capacity can be optimised by adopting the highest possible 
slope angle that satisfies safety against sliding, given that the site and lining materials have been 
selected. However, one major limitation of the deterministic design chart is that it does not 
consider the uncertainty associated with each design parameter, and therefore, the resulting FS 
of 1.5 is ambiguous. 
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Figure 6.8 Deterministic design charts for sliding stability with cover soil thickness of (a) 0.5 
m and (b) LOm 
6.2.3 Application and examples 
Example 6.1 - Selection oJ liner materials: 
Given the veneer cover configuration in Figure 6.2, R is calculated as 1.15, which results 
in the required interface shear strength, tIN, of 11.8 kPa using Figure 6.8(b). Some examples of 
interface shear strength parameters satisfying 'tIN of I L8 kPa to achieve factor of safety of 1.5 
are stated in Table 6.2. Therefore, any geosynthetic and soil materials that have the combination 
of interface shear parameters stated in Table 6.2 are suitable as lining materials, to satisfy 
stability against sliding. 
Table 6.2 Interface shear strength parameters to achieve tIN=II.8 kPa 
Interface adhesion, et (kPa) 
o 
2 
5 
10 
Example 6.2 - Optimizing land fill capacity: 
Interface friction angle, (; (") 
36.2 
31.2 
22.8 
6.3 
A few iterations are required in order to obtain the maximum allowable slope angle for 
the landfill that satisfies FS of 1.5 against sliding. The iteration steps are as follows: 
Step I: Assume an initial value for tIN: 
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Step 2: Acquire R from Figure 6.8 and calculate b; 
Step 3: Calculate tIN using Equation (6.12); 
Step 4: Compare tIN calculated in Step 3 with the assumed value of tIN in Step I and repeat 
the process until the two values converge. 
Given a similar cover soil as Example 6.1. and that the weakest interface in the lining system 
has a and 0 of 5 kPa and 20° respectively. assume the initial value for tIN is 10 kPa. R is 
obtained as 1.4 using Figure 6.8 and subsequently. b is calculated as 22.4°. tIN is then calculated 
using Equation (6.12). and the new value is 11.06 kPa. This value is not equal to the initial 
assumed tIN. which is 10kPa. The process is repeated until tIN from consecutive iterations 
converge. Three iterations are needed for this example as demonstrated in Table 6.3. Therefore. 
the maximum allowable slope angle for the landfill to ensure safety against sliding is 24.5". 
Table 6.3 Iteration process to obtain maximum slope angle given that a=5kPa 
Iteration 
I 
2 
3 
Initial tIN R b tIN 
(kPa) (-) (") (kPa) 
10 (assumed,) !'--__ ~1.;40~-----;2G21.4:_-==:~ 11.06 
11.06 -: Cb 24 8 • 10.95 
10.95 1.2} 24.5 10.96 
6.3 Development of Reliability-based Design Chart 
Most uncertainty and variability are dealt with statistically. which involves estimation of 
expected values and standard deviations of the design parameters taken as random variables. In 
probabilistic or reliability methods. uncertainties reflected in the input parameters are evaluated 
statistically to produce corresponding uncertainties in the performance function such as factor of 
safety. The value of an input parameter or random variable is represented using a probability 
distribution. A probability distribution function states all the possible values that a random 
variable can take and their corresponding probability of occurrence. Statistical moments of a 
variable. namely. mean and standard deviation, are usually required to define a distribution or a 
probability density function. 
The reliability-based design chart produced in this study only considers uncertainty in 
values of the design parameters. Besides the errors that might occur during laboratory testing. 
uncertainty also stems in deciding the mobilised interface shear strength to adopt for design. 
Table 6.4 states the coefficient of variations of interface shear strength parameters between a 
textured HDPE geomembrane (TGM-NWGT) against a non-woven geotextile. and between the 
textured geomembrane against Mercia Mudstone (TGM-fines). obtained from laboratory 
repeatability test programme (Chapter 4). Variations of the interface shear strength parameters 
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are small compared to a compiled global database from a literature review, in which the 
variation reached up to 40%. Additional information on the repeatability test program and the 
global database are discussed in Chapter 4. Therefore, the variability and interface shear 
strength parameters considered for the reliability-based design chart are varied from 5% up to 
40%. 
Table 6.4 Coefficient of variation, V, for TGM-NWGT and TGM-Fines interfaces for applied 
normal stresses not greater than 50 kPa (round-up to the nearest 1 %) 
V[Oj V[uj 
Interface: TGM-NWGT 
Peak 8% 13% 
Large displacement 7% 15% 
Interface: TGM-Fines 
Peak 10% 19% 
Large displacement 10% 25% 
Before producing a reliability-design chart, a sensitivity study has been conducted to find 
out which uncertain inputs will significantly affect the performance measure of reliability (e.g. 
reliability index or probability of failure) and hence, should be varied within their typical range. 
6.3.1 Additional performance measure 
Probability of failure (Pr) in reliability analysis is analogous to factor of safety in a 
deterministic approach. Instead of a ratio of 'failed' trials (Le. FS less than 1.0) to the total 
number of trials, the probability of failure (Pr) is calculated as the area underneath the 
probability distribution of reliability index, for which FS is less than 1.0 and is assumed 
normally distributed as follows: 
p = !lFS -1 (6.19) 
uFS 
Pf =.<P(-P) (6.20) 
where ~ is reliability index, ItFS and O'FS is the mean and standard deviation of factor of safety 
which is assumed to be normally distributed, Pr is probability of failure, and <P (.) is a standard 
normal distribution function. In the sensitivity analysis, ItFS is calculated using Equation (6.11), 
and evaluated for a base case value of each input parameter, while O'FS is computed using Taylor 
series approximation as follows: 
(6.21) 
6-217 
Chapter 6 ~ RED I: Veneer cover soil stability 
Using base case values shown in Figure 6.2, )1FS and OFS are computed as 1.5 and 0.16 (i.e., 
V[FS1=10.7%), respectively. For a target FS of 1.5 and its uncertainty in terms of coefficient of 
variation (V) of 10%, Figure 6.9 demonstrates !hat !he assumption of normality for FS is on the 
safe side as this assumption would result in a higher failure probability for similar FS and 
degree of uncertainty. 
" 
10 
" -e 8 
.S 
@ 6 
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Factor of safety, FS (b) 
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Factor of safety, FS 
Figure 6.9 Comparison between normal and lognormal distributed FS 
6.3.2 Sensitivity analysis for reliability-based design chart 
Similar to the deterministic analysis, Tornado charts are used to investigate the sensitivity 
of mean and uncertainty of input parameters to the reliability index, ~ (Pr was not used since it 
does not have a closed form solution). For accuracy, the partial derivatives of ~ with input 
parameters and their uncertainty in terms of standard deviation for Equation (6.17) are tabulated 
using MatIab version 6.5. The sensitivity measure, S;, is evaluated at base case values given in 
Table 6.1 and Table 6.5 for mean and their uncertainty values, respectively. The equations 
accompanying the Tornado charts in Figures 6.1 0 and 6.11 are formulas used to compute the 
sensitivity values. 
Figure 6.10 illustrates a unit change in design parameters and their corresponding 
uncertainty to a unit change in ~. Based on Figure 6.IO(b), all uncertainty in design parameters 
have detrimental effect on reliability index as dictated by the negative values. Meanwhile, 
Figure 6.1 1 (a) demonstrates a unit change in uncertainty of FS for a unit change in uncertainty 
of an input parameter, while Figure 6.11(b) shows the contribution of uncertainty in design 
parameters to uncertainty in the computed ~. The ranking of significant parameters based on the 
change in ~, FS or !heir corresponding uncertainty are observed to be dependent on both the 
mean and degree of uncertainty in input parameters (in terms of standard deviation). However, 
it is found consistently that slope inclination, interface friction and adhesion as well as their 
uncertainty are !he major design parameters to consider for development of reliability-based 
design charts. However, the coefficient of variation for slope inclination was kept constant at 
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5% since slope construction can be controlled and usually allowed to deviate up to 2% based on 
expert elicitation presented in Chapter 5. Landfill height, cover soil friction and cohesion, as 
well as their uncertainty are insignificant parameters, and hence, are kept at base case values for 
development of the design chart. Cover soil thickness, soil density and their uncertainty have 
some influence roles, but are also adopted at base case values to limit the number of variables in 
the design chart. Nevertheless, different design charts could be created for different cover soil 
thickness and soil density. 
Table 6.5 Base case values of coefficient of variation, V, for reliability-based veneer cover 
design sensitivity study 
Base 
H 
(%) 
5 
Landfill height 
Soil friction 
Soil cohesion 
Interface friction 
Slope angle 
Cover soil thickness 
Cover soil density 
Adhesion 
b 
(%) 
5 
:;; 
, 
, 
"Id 
(%) 
5 
,-----;-----, 
'11 I 11 -2.4 -1.6 -0.8 0 0.8 1.6 
S. =.!!L -...!1. 
, ilX. P A lUlit change of ~ with a 
I px.ox. unit change in design 
(a) parameter. ~ 
<I> 
(%) 
10 
c 
(%) 
h 
(%) 
10 5 
Landfill height 
Soil friction 
Soil cohesion 
Interface friction 
Slope angle 
Cover soil thickness 
Cover soil density 
Adhesion 
o 
(%) 
5 
a 
(%) 
20 
c= 
I 
I 
, 
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Si =aa;j P A Wlit change of ~ with a 
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Figure 6.10 Tornado charts to illustrate sensitivity of (a) input parameters and (b) their 
uncertainty (i.e., expressed in term of standard deviation) to the change in 
reliability index 
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Figure 6.11 Tornado charts to illustrate sensitivity of (a) uncertainty in input parameters to 
uncertainty in FS, and (b) contribution of input parameters uncertainty to 
uncertainty in 13 (i.e., uncertainty is expressed in term of standard deviation) 
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6.3.3 Selection of target probability of failure 
During the development of a reliability-based design chart. the curves are generated such 
that minimum interface shear strength or maximum slope inclination can be estimated, which 
satisfy both target probability of failure, Pft, and the required factor of safety. Pft is determined 
based on judgment using an existing scale of Pft (Section 2.9.4), and based on expert elicitation 
(Section 5.5). Assuming that a landfill cover soil performed below average, based on USACE 
(1999), due to construction equipment and loading, is exposed to moderate risk according to 
Gilbert (2001) and requires only minor repairs upon unsatisfactory performance conforming 
with Cole (1981), Pft is estimated to be I x 10-2, which is located between the anoual probability 
of failure of mine slopes and foundations in Figure 6.12. 
100,-----,-----,-----,-----,-----,-----, 
10 
foundations 
0.1 f---+':::""~'+--<' 0.011---+--1~-~~.:===-\. 
LNG facilities 
aviation 
0.0001 L ___ .l __ ~=='-_l,::===c=:::!_J __ .J 
Lives lost 
Cost $rn 
10 
10 
lOO 
lOO 
Consequence ofF.ilure 
1000 
1000 
10000 
10000 
Figure 6.12 Empirical rates of failure for Civil Engineering Facilities (after Baecher 1987) 
The assigned Pft for the reliability-based design chart of veneer cover soil stability is 
slightly higher than the recommended value of 5x 10-3 for 'typical' consequences 
(S; USDIOOOOOO) for barrier function failure (Koerner, 2002), or between 'below' and 'above 
average' performance level given in USACE (1999), or 'medium' degree of system redundancy 
if failure occurs (D'Hollander, 2002). This could be compensated by a relatively high degree of 
uncertainty associated with the construction tolerances (e.g. V[H], V[b] and V[h]) of 5% 
applied in the design chart, which is commonly less than 2 to 3% in practice based on expert 
elicitation and McGrath et al. (2002). 
6.3.4 Reliability-based design chart 
Analyses to produce a reliability-based design chart were carried out in a spreadsheet 
with an Excel add-in, @RISK version 4.5 using Monte Carlo simulation. The coefficient of 
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variation, V, for base case values are stated in Table 6.5. The geometries of the veneer cover 
(i.e., H, hand b) are assigned uniform distributions, which express equal chances of error from a 
lack of construction quality control and achievable construction tolerances. The cover soil 
properties are assigned normal distributions with variations in accordance to Duncan (2000), 
while the interface shear strength parameters are assumed to be lognorrnally distributed since 
both parameters are usually positive in value for dry conditions. Alternatively, both parameters 
can be postulated as normally distributed with distribution tails truncated at minimum and 
maximum plausible values as discussed in Chapter 4. Both types of assumed distributions 
would yield similar outcomes (e.g., reliability index or probability of failure) since the 
variability of the interface shear strength parameters are relatively small. 
The process to create a reliability-based design that satisfy FS of 1.5 and p. of lxlO·2 is 
shown in Figure 6.13. Initially, 0 to achieve FS of 1.5 is calculated using Equations (6.11) and 
(6.12) by assuming a value of Cl, say 0 kPa. The factor R is also assumed, say of 0.2. 
Subsequently, slope inclination can be calculated since cl> is taken at the base case value of 30°. 
Likewise, other design parameters and their uncertainty are also assigned base case values. In 
each simulation, FS are calculated for different values of the design parameters, which are 
randomly sampled based on their probability distribution using the Monte Carlo method. 
Subsequently, a distribution of FS shown in Figure 6.14 with its mean (/-lFS) and standard 
deviation (O'FS) are obtained after the simulation achieves convergence (i.e., changes in 
statistical moments of FS are less than 0.5% for subsequent realisations). Reliability index (~) 
and corresponding failure probability (P,) are calculated by assuming that FS is normally 
distributed. Steps (2) to (5) in Figure 6.13 are repeated for different values of R, ranging from 
0.2 to 3.0. An example intermediary chart shown in Figure 6.15 can then be plotted, and R 
values corresponding to P, of lxW-2 are obtained from the chart. The following maximum slope 
angle (bm,,) can be computed from the R value (i.e., cI>=300), while 'tIN and the minimum 
requirement for interface friction angle (Bm,") to satisfy FS of 1.5 can also be calculated from 
Equations (6.11) and (6.12), respectively. The entire process outlined in Figure 6.13 is repeated 
for different combinations of Cl values of 0, 2, 5, and 10 kPa, V[Cl] of 10%, 20% and 40% or 
V[o] ranging from 5% to 40%, while maintaining other insignificant input parameters at their 
base case values. The reliability-based design chart for veneer cover soil stability illustrated in 
Figure 6.16 can finally be plotted. It expresses the relationship between Om'" and bm" to achieve 
FS of 1.5 and P, of lxl 0.2 for the specific slope geometry and cover soil properties. 
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Figure 6.13 Flowchart illustrating one cycle of simulation to create reliability-based design 
chart which satisfies Pft of lxlO·2 and FS of 1.5 
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Figure 6.15 One of the intennediary chart used to estimate R factor to satisfy PI of lxlO·2 
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Figure 6.16 Reliability-based design chart for target FS of 1.5 and Pfof lxlO'2 (for units, refer 
to the notations in Section 2.1) 
6.3.5 Application of reliability-based design chart 
The reliability-based design chart shown in Figure 6.16 can be used to find the minimum 
interface shear strength parameters to achieve FS of 1.5, in addition to satisfying the failure 
probability of lxlO'2 for the associated uncertainty in the design parameters, Additionally, the 
chart can be used to find the maximum slope angle for veneer cover, given that the strength 
parameters and their uncertainties are known (e,g" from laboratory testing), 
The four dotted lines extending almost diagonally from left to right in Figure 6.16 
represent interface adhesion of 0, 2 kPa, 5 kPa and 10 kPa, These lines are drawn such that the 
corresponding interface friction angle at a certain slope angle, will yield a factor of safety 
against sliding of 1.5. Other types of lines, namely, dark-coloured continuous lines, dashed 
lines, and light-coloured continuous lines, express the uncertainty in the interface adhesion in 
terms of coefficient of variation. The dark-coloured continuous lines indicate coefficient of 
variation for interface adhesion of 10% with different magnitude of uncertainty in interface 
friction angle. Similarly, the dashed lines record uncertainty for interface adhesion of 20%, 
while the light-coloured continuous lines designate spread for interface adhesion of 40%. These 
lines connect the four dotted adhesion lines together, and any uncertainty that is beyond these 
lines in Figure 6.16, should not be interpolated. The percentages stated alongside the different 
types of lines in Figure 6.16 indicate the uncertainty in the interface friction angle in terms of 
coefficient of variation. 
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For discussion, consider the coefficient of variation for an interface adhesion of 10%, 
which is represented by the dark-coloured continuous lines. If common practice such as 
ignoring the interface adhesion is adopted, the maximum allowable uncertainty in the interface 
friction angle based on Figure 6.16 is 13.5%. Any variability of interface friction angle greater 
than 13.5% will yield higher probability of failure (i.e., greater than lxW-\ Likewise, if the 
interface adhesions are 2 kPa, 5 kPa and 10 kPa with 10% associated uncertainty, the maximum 
allowable variations for interface friction angle are 24%, 40% and greater than 40%, 
respectively. Table 6.6 states the maximum allowable coefficients of variation for interface 
friction angle, given that the coefficients of variation for interface adhesion are 10%, 20% and 
40%. Interface properties that have variation less than stated in Table 6.6 will satisfy probability 
of failure not greater than lx1O'2. The term 'NS' denotes that interface friction angle should be 
determined with certainty. Therefore, if interface adhesion is equal to or greater than 10 kPa but 
the estimation is subjected to high uncertainty up to 40% or greater, the interface friction value 
must be ascertained to achieve probability offailure not greater than 1x 1 0.2• 
Table 6.6 Maximum allowable V[O] for interface adhesion of 0,2 kPa, 5 kPa and 10 kPa and 
their V[cx] of either 10%, 20% or 40% to achieve Pr not greater than lxlO·2 
V[a] 10% 20% 40% 
a (kPa) V[o], % 
0 13.5 13.5 13.5 
2 24.0 18.8 12.3 
5 40.0 17.0 7.0 
10 >40.0 13.5 NS 
Note: NS ... Not Satisfied 
Given that the interface materials have been selected, steps in utilizing the reliability-
based design charts are as follows: 
Step 1: Using Figure 6.16, determine the maximum slope angle for the landfill to achieve FS 
against sliding of 1.5 with the interface shear strength parameters obtained from a 
testing programme. 
Step 2: Pinpoint the intersection of the interface shear strength parameters and the maximum 
slope angle between two similar types of line, which indicate similar variation for 
interface adhesion. For example, the intersection point may either be located between 
two dark-coloured continuous lines (Le., V[cx]=10%), or two dashed lines (Le., 
V[cx]=20%), or two light-coloured continuous lines (i.e., V[cx]=40%). 
Step 3: Observe the numbers specifying the variation for interface friction angle for those two 
lines, and interpolate the variation for the intersection point. 
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Step 4: The variation of interface shear strength parameters obtained or expected from 
laboratory tests should not be greater than the one extracted in Steps 2 and 3 so that 
the probability offailure of less than 1 X 10.2 is satisfied. 
However, one limitation of the reliability-based design chart is that it fails to answer the 
question of how much is the required increase in FS to redress for higher uncertainty in the 
interface shear parameters. 
Example 6.3 - Using reliability-based design chart: 
Adopting the same configuration of cover soil used in Example 6.1, the lining materials 
constituting the weakest interface should be selected based on the following combination of 
statistical moments asserted in Table 6.7 to achieve FS of 1.5 and Pft of lxl0·'. To obtain the 
values stated in Table 6.7, the steps described above are employed as follows: 
Step 1: Assuming that the interface adhesion and friction angle obtained from laboratory 
testing are 2kPa and 31.2°, the maximum slope angle for the cover soil to achieve FS 
against sliding of 1.5 using Figure 6.16 is 26.6°. 
Step 2: The intersection point of the interface shear strength parameters and the maximum 
slope angle is pinpoint between two similar types of lines. For example, if the 
variation in interface adhesion, Veal, is expected to be 10%, the maximum variation 
for interface friction angle, V[OJ to satisfy P, of lxlO-2 is located between two dark-
coloured continuous lines. Likewise, if Veal is expected to be 40%, Veal is located 
between two Iight-colored continuous lines. 
Step 3: For interface adhesion of 2kPa and Ve a] of 10%, the intersection point is located 
along the adhesion line (Le., dotted line) for 2 kPa and between two dark-coloured 
continuous lines with spreads in interface friction angle, V[a) of 12% and 13.5% as 
shown in Figure 6.16. However, if V[a) is expected to be 40%, the intersection point 
is situated along adhesion line for 2 kPa and between two light-colored continuous 
lines with V[a) of 11 % and 12%. 
Step 4: Therefore, by interpolating along adhesion line for 2 kPa and between two dark-
colored continuous lines for V[a) of 12% and 13.5%, the maximum allowable V[a) to 
satisfy PI of lxlO·2 is 13.3%. Likewise, if V[a) is 40%, interpolating along adhesion 
line of 2kPa and between twe light-celored continuous lines yields maximum 
allowable Veal of 11.5%. Finally, the interface materials should be selected such that 
the interface shear strengths are greater, but the associated variations are less than 
those values stated in Table 6.7 to satisfy both FS and PIr criteria. 
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Table 6.7 Combination of statistical moments for weakest interface given that the slope 
angle, b, is 26.6° 
Veal 10% 20% 40% 
a (kPa) ,)(') V[o], % 
0 36.2 10.0 10.0 10.0 
2 31.2 13.3 13.0 11.5 
5 22.8 19.5 15.8 NS 
10 6.3 NS NS NS 
Note: NS - Not Satisfied 
6.3.6 Effect of Pt! on reliability-based design chart 
Comparison of curves to achieve Pft of 1 X 10.2 and lx104 is illustrated in Figure 6.17. If a 
stricter criteria is imposed on Pft (e.g. lxl04) for similar design parameter values and their 
corresponding degree of uncertainty, it is observed that the slope inclination of the cover soil 
needs to be lowered significantly, which is obviously undesirable for landfill operators. Since 
FS depends only on the mean values of design parameters, the required interface shear strength 
is reduced as a result of shallower slope inclination to achieve FS of 1.5. Hence, lower interface 
strength materials, which may cost less can be adopted. However, the saving in material costs 
may not justify the monetary lost due to reduce volume space for landfilling. Hence, there needs 
to be a consensus between owner, designer, and legislator on the degree of acceptable failure or 
unacceptable perfonnance before reliability-based design can be practised to optimise design. 
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Figure 6.17 Comparison between PR of lxlO'z and lxlO·4 on reliability-based design chart 
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6.4 Chapter Summary 
A design chart is a useful graphical tool for assessing the behavior of a stability model for 
preliminary design, and to obtain a safe as well as optimum design. Two types of design charts 
have been produced based on the modified limit equilibrium two wedge method for evaluating 
the stability of veneer cover soil. The deterministic design chart provides information regarding 
minimum interface shear strength or maximum slope angle to achieve FS of 1.5, while the 
reliability-based design chart is capable of providing similar information, as well as the 
allowable uncertainties associated with the design parameters. However, the later chart imposes 
a more stringent criteria in selection ·of lining materials and requires practitioners to conduct 
more interface shear tests. This instills higher confidence in the selection of lining materials for 
design. The reliability-based design chart presented is not currently able to consider different 
cover soil characteristics, types of loadings and their corresponding uncertainties. Nevertheless, 
it is a step forward towards reliability-based design and demonstrates the importance of 
understanding uncertainty in parameters. The current use of target FS is not able to reflect 
uncertainty, and its use is likely at times to lead to unsafe designs. The probability approach 
could be standardised and may become a requirement in the future for landfill engineering 
design. 
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Chapter 7 
RELIABILITY-BASED DESIGN 11: INTEGRITY OF 
LINING SYSTEM 
7.0 Introduction 
In Chapter 7, series of numerical analyses are conducted to investigate the effect of 
uncertainty and variability of input parameters on the predicted integrity of a shallow-sloped 
landfill lining system, with varying landfill geometries and waste properties. The integrity of 
lining system is related to serviceability limit states, in which excessive movement or localised 
damage to lining components under normal loads, such as the waste settlement, may result in 
loss of its function as a containment facility. In this study, the integrity of lining system is 
measured by the relative shear displacements along interfaces (RSD) and the tensile strains (Et) 
induced in the geosynthetic lining components. Unlike the example of ultimate limit state 
design presented in Chapter 6, the serviceability limit states can have higher probability of 
occurrence (Orr and Farrell, 1999). 
Based on the outputs from the numerical analyses, the controversial design issue 
regarding the selection of strength involving strain-softening interface for limit equilibrium (LE) 
analysis is also discussed from a probabilistic perspective. It has been reported in literature 
studies (Section 2.5.1) and expert elicitation (Section 5.2.4) that adopting peak strength along 
interfaces may result in an unsafe design, while utilising large displacement strength can be 
excessively conservative. Therefore, many recommendations of interface shear strength for LE 
analysis has been proposed (Section 2.5.1), but none has justified their proposals in accordance 
with Eurocode 7 (2004), which states that the characteristic value should be selected such that 
the probability of a more adverse value governing the behaviour of the soil or rock in the ground 
is no greater than 5%. 
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The results presented in this chapter are limited to shallow-sloped landfills that are 
subjected to mechanical waste settlement during filling. Nevertheless, the methodology can be 
extended to take into account different types of waste containment structures such as valley or 
steep-sided landfills, various loadings and time-dependent conditions. The landfill foundation is 
assumed rigid, while anchoring of the geosynthetic components is simplistic1y modelled by 
fixing the beam elements (i.e. representing the geosynthetics) nodes at the crest of side slope. 
7.1 Descriptions of Numerical Landfill Analyses 
7.1.1 Scenarios for Series of Numerical Analyses 
The geometry for the numericallandfill model is illustrated in Figure 3.12. Unless stated 
otherwise, the landfill is symmetrical, which represents a closed or completed landfill structure, 
and the length of the base is 100 m. The numerical landfill is constructed in 6 stages up to a 
planned landfill height of 30 m, with 5 m lift thickness. 
Tables 7.1 and 7.2, respectively, summarise in detail the combinations of different landfill 
geometries, waste, interface and geosynthetics properties adopted in the sensitivity and 
parametric studies. In the analyses, 4 input parameters, namely, interface shear strength (pair of 
I) and a), interface stiffness (k,), elastic moduli of geomembrane (EroM) and geotextile (ENWGT), 
and unit weight of waste (Yw",,,) are taken as random variables throughout the numerical 
analyses unless stated otherwise. The first five series of sensitivity analyses in Table 7.1 
investigate the response of the lining system for different number of realisations, while the 
remaining, examine the effect of assuming a constant value for a specific uncertain input 
parameter. In the parametric study, the sampling values between simulations are kept the same, 
while the landfill side slope angle, waste compressibility and thickness of waste lifts are varied 
according to values stated in Table 7.2. The results of a completed landfill are also compared to 
additional analyses for a landfill cell with waste slope of 18.40 (Section 7.7.3). 
7.1.2 Input Parameters for Series of Numerical Analyses 
Tables 7.3 to 7.6 summarise the material properties for waste body, interfaces and 
geosynthetics, in terms of their mean values and corresponding coefficient of variations (COV), 
of the minimum 250 sampling values employed in the sensitivity and parametric studies. Their 
parent probability distributions are presented in Chapters 4 and 5. It can be observed that the 
COY s for the sampling values are almost half than their parent probability distributions. This 
variance reduction is a drawback caused by averaging relatively small number of sampling 
values (i.e. 250 values) that are generated from 3 different seed numbers, in order to attain the 
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mean value of samples that is equivalent to its parent distribution. Additionally, it is also 
attributed by filtering pairs of /) and IX at determined displacements, in order to produce 
reasonable strain-softening or -hardening behaviour for the interfaces (see Step 7 in Section 
3.10.2). Nevertheless, two series of each 500 realisations with increased COVs for interface 
stiffness (k,), interface friction angle (0), and tensile moduli of geosynthetics (ErGM and ENWGT) 
are also conducted and discussed in Section 7.8 for a closed landfill and a landfill cell, to 
compare responses of the landfilllining system subjected to a higher degree of uncertainty in its 
significant input parameters. The following sub-sections further justify the values of input 
parameters utilised in the numericallandfill simulations. 
Table 7.1 Descriptions of different sensitivity analyses 
DescriEtions Random variables 
Case denotation Side Waste Waste lift No. 0 a k, ErOM ENWGT 'Ywasle 
sloEe com2ressibilit~ tbickness sims 
BaseCase250 1:2.5 28% settlement 5 meters 250 ./ ./ ./ ./ ./ ./ 
BaseCase500 1:2.5 28% settlement 5 meters 500 ./ ./ ./ ./ ./ ./ 
BaseCaselOOO 1:2.5 28% settlement 5 meters 1000 ./ ./ ./ ./ ./ ./ 
SSlp250 1:2.0 28% settlement 5 meters 250 ./ ./ ./ ./ ./ ./ 
SSlp500 1:2.0 28% settlement 5 meters 500 ./ ./ ./ ./ ./ ./ 
GwasteAvg 1:2.5 28% settlement 5 meters 250 ./ ./ ./ ./ ./ 
GwasteAv~SSlp 1:2.0 28% settlement 5 meters 250 ./ ./ ./ ./ ./ 
IntStiffAvLSSlp 1:2.0 28% settlement 5 meters 250 ./ ./ ./ ./ ./ 
IntStrgtbA vLSSlp 1:2.0 28% settlement 5 meters 250 ./ ./ ./ ./ 
EbeamA vLSSIE 1:2.0 28% settlement 5 meters 250 ./ ./ ./ ./ 
Note: No. of sims refers to the number of realisations or runs 
Table 7.2 Descriptions of different parametric studies 
DescriEtions 
Case denotation Side Waste Waste Waste lift No. of No. sims 
sloEe sloEe comEressibili!X tbickness lifts 
BaseCase250 1:2.5 none 28 % settlement 5 meters 6 250 
SSlp250 1:2.0 none 28% settlement 5 meters 6 250 
MSlp250 1:3.0 none 28 % settlement 5 meters 6 250 
StiffW aste250 1:2.5 none 16% settlement 5 meters 6 250 
SoftWaste250 1:2.5 none 50% settlement 5 meters 6 250 
ThickLift250 1:2.5 none 28% settlement 10 meters 3 250 
ThinLift250 1:2.5 none 28% settlement 2 meters 15 250 
CelLBaseCase250 1:2.5 1:3.0 28% settlement 5 meters 6 250 
CelLSSlp250 1:2.0 1:3.0 28% settlement 5 meters 6 250 
CelLStiffWaste250 1:2.5 1:3.0 16% settlement 5 meters 6 250 
Closed_highCOV 1:2.5 none 16% settlement 5 meters 6 500 
Cell hi~hCOV 1:2.5 1:3.0 16% settlement 5 meters 6 500 
Note: Cell refers /0 temporary conditions in a landfill with waste slope gradient 
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Table 7.3 Input of waste and subgrade material properties for series of numerical landfill 
analyses 
Density (kg/m') 4> c B G Pc·epv R 
Type Mean COy Min Max (") (Pa) (Pa) (pa) (-) (-) (%) 
SUbgrade - Mohr-Coulomb 
Rigid 2700 28.0 2.72e7 6.70elO 6.50elO 
Waste - Double-Yield model with constant strength 
Intermediate 1019 10.3 776 1274 31.1 2.5e3 5.97e5 6.51e5 Figure 7.2 10 
Stiff 1019 10.3 776 1274 31.1 2.5e3 10.63e5 11.6005 Figure 7.3 10 
Soft 1019 10.3 776 1274 31.1 2.5e3 5.lOe5 5.56e5 Fi!\ure7.4 10 
Table 7.4 Input of secant interface shear stiffness for series of nurnericallandfill analyses 
Type 
TGM-fines 
TGM-NWGT 
NWGT-coarse 
Mean 
6.84e6 
1.2ge7 
9.60e6 
Secant interface shear stiffness (Palm) 
COY (%) Min 
11.0 5.23e6 
7.2 1.07e7 
8.3 7.84e6 
Max 
9.10e6 
1.5ge7 
1.22e7 
Table 7.5 Input of interface shear strength parameters for series of numericallandfill analyses 
T~2e Interface friction angle (") Interface adhesion (Pa) 
TGM-fines o@O.5mm o@3.5mm o@7.5mm o@15mm o@30mm o@60mm a@6.6mm a@9.8mm 
Mean 14.0 18.9 21.4 19.8 14.0 12.0 31J1 2175 
COV(%) 0.6 3.6 6.1 7.4 6.4 5.1 16.9 8.7 
Min 13.8 17.3 18.7 14.9 11.9 10.4 2126 1699 
Max 14.2 21.0 25.6 23.3 16.0 13.4 4491 2647 
TGM-NWGT o@O.8mm o@3.0mm o@6.5mm o@20mm o@42mm o@8Omm a@7.3mm a@1O.9mm 
Mean 11.5 20.0 25.8 17.5 14.0 11.9 4340 3699 
COY (%) 0.6 1.9 4.0 4.0 3.4 3.2 5.8 5.1 
Min 11.3 19.0 22.8 15.8 12.7 10.8 3748 3211 
Max 11.7 20.9 28.6 19.3 15.2 12.9 4950 4165 
NWGT-coarse o@1.5mm o@6.5mm o@12mm o@3Omm o@50mm o@80mm a@28.6mm a@43.0mm 
Mean 17.0 31.0 34.0 31.7 30.4 28.9 2430 1663 
COV(%) 0.3 1.2 2.3 3.2 4.7 5.8 16.3 26.9 
Min 16.9 30.1 31.6 28.6 26.2 24.9 1275 390.8 
Max 17.1 31.9 37.1 35.0 34.4 33.0 3359 2715 
Table 7.6 Input of geosynthetics parameters for series of numericallandfill analyses 
Type 
TGM 
NWGT 
Thickness (m) 
0.00200 
0.00796 
7.1.3 Waste Properties 
Mean 
1.7SeS 
2.S3e7 
Secant elastic modulus, Er", (Pa) 
COY (%) Min 
14.S l.2SeS 
13.5 1.42e7 
Max 
2.S5eS 
3.77e7 
Three types of waste with different compressibility, denoted as soft, intermediate and stiff 
waste (see Section 3.10.1), are considered in the parametric studies. The ep'-pc relationships for 
the double-yield waste model (ltasca, 2000) are empirically determined such that the settlements 
computed from FLAC compression tests are equivalent with the one dimensional (ID) 
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calculations using constrained modulus obtained from literature review (D"",;, Dm,,' and Dmin' 
in Figure 3.13). Figure 7.1 illustrates waste vertical settlement due to self-weight between ID 
calculations and FLAC compression tests using ep,-Pc relationships stated in Figures 7.2 to 7.4 
for different types of waste and construction stages. The differences are computed W be less 
than 5% at all stages except for intermediate waste at construction stage 2 (const2). 
Utilising the ep,-Pc relationships stated in Figure 7.2, the total mechanical settlement 
(TMS) from the FLAC compression test for intermediate waste during filling is 27.9% of the 
designed thickness of 30 m. With reference to Figure 3.12, TMS is measured at the top of each 
waste layers along the line of symmetry (left boundary). It has to be emphasised that TMS is the 
summation of vertical settlements that occurred during waste placement at each construction 
stages, whrch are concealed at ground level due to overfilling of subsequent layers. The 
settlement magnitude is consistent with the reported value of 25% by Oweis (2006) using 
average compressibiJity. Likewise, the mechanical settlements for stiff and soft waste 
corresponding to ep,-pc relationships in Figures 7.3 and 7.4 are 16.1 % and 50%, respectively. 
4.0 
~ 3.5 
~ 3.0 2.5 
" 2.0 ~ 
00 1.5 
~ 1.0 
~ 0.5 
Soft was~t::e __ -:--~-
~ Intermediate 
waste --------~::-
---
Stiff waste 
--10 settlernmt 
- - FLAC settlerr.ent 
0.0 
Const! Const2 Const3 Const4 Const5 Const6 
Construction stage 
Figure 7.1 Comparison between one dimensional (ID) and FLAC settlements for construction 
stages 1 to 6 
ep, (-) p, (kPa) 
0 0 
0.035 10 
0.060 20 
0.120 50 
0.160 100 
0.180 150 
0.195 200 
0.210 250 
0.220 300 
0.230 350 
0.240 400 
0.000 0.050 0.100 0.150 0.200 0.250 0.300 
Plastic volurre strain, epv 
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Figure 7.4 Pc-epv relationship for double-yield model for soft waste 
7.1.4 Interface properties 
.:. Interface nonnaI stiffness 
The normal interface stiffness (kn) is assigned as l.1e7 N/m, which is 10 times the 
equivalent stiffness (Equation (3.31)) based on the recommendation in FLAC user manual to 
minimise interpenetration between interfaces without invoking high number of steps to reach an 
equilibrium. The parameter is taken as a constant value throughout the series of simulations 
because Jones (1999) has demonstrated that different values of kn has no significant effect on 
the mobilised stresses and displacements along the interfaces. 
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.:. Interface shear stiffness 
Interface shear stiffness (k,) is the main parameter used to compute the mobilised stresses 
and displacements along liner. Therefore, the uncertainty and variability of the parameter with 
probability distribution presented in Section 4.7, is considered in the numerical analyses. In the 
study, TGM-fines interface is assigned the lowest k, values ranging from 5.23e6 to 9.20e6 Palm, 
while the k, values for TGM-NWGT and NWGT-coarse interfaces range from 1.07e7 to 1.5ge7 
Palm and 7.84e6 to 1.22e7 Palm, respectively. These k, sampling values correspond to the 
secant interface shear stiffnesses that are evaluated using peak shear stresses obtained from the 
repeatability interface direct shear test results at an applied normal stress of 201 kPa (Section 
4.3). 
The secant interface shear stiffness is defined at applied normal stress (a;) of 201 kPa 
because it is crudely estimated that the average an' acting on the liner for a 30 metre high 
landfill with different side slope angles, coefficients of pressure at rest (Ko) and unit weights of 
waste are in the range 102 to 263 kPa (Table 7.7). The coefficients of pressure at rest (Ko) are 
considered as 0.48 and 1.0 based on the mean and maximum values from the elicitation process 
described in Section 5.1.5. 
The average effective normal (Cl;) and shear stresses ('t) acting on the landfill side slope 
, 
in Tables 7.7 and 7.8 were resolved from both effective vertical (a;) and horizontal (Clx') 
stresses using Mohr's circles. Figure 7.5 demonstrates an example of Mohr's circle by taking 
ax' as a product of Ko and Cl;, and no or negligible shear stress ('t,y) within the waste elements. 
Therefore, Cl; and ax' coincide with the principle stresses (Cl,' and Cl3'). The assumption of 
negligible 'txy is reasonable because only gravity or downward forces (i.e., selfweight of waste) 
are considered, and the waste does not fail internally due to high assigned shear strength. 
Nevertheless, this assumption is validated later in Section 7.4.2. Since soft waste is subjected to 
higher settlement, more waste can be filled into the landfill prior to construction stage 6 and this 
therefore, results in higher normal stresses acting on the liner. It can also be observed in Table 
7.7 that the differences of a; are insignificant for a shallow-sloped landfill with different side 
slope angles but the same Ko and waste properties . 
• :. Interface shear strength parameters 
Ina numerical interface, interface shear strength acts to limit to the shear stress that can 
be mobilised along the interfaces. As presented in Section 3.1 0.2, the pairs of interface shear 
strength parameters for TGM-fines, TGM-NWGT and NWGT-coarse interfaces are generated 
based on the repeatability direct shear test results with applied normal stresses ranging from 11 
to 201 kPa. Before utilising the pairs of 1i and Cl, the values were validated using numerical 
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direct shear tests (Section 4.6) so that the shear stress-displacement curves obtained numerically 
are equivalent to the laboratory repeatability test results. Figure 7.6 illustrates the interface shear 
strength-displacement curves of the three interfaces using mean values stated in Table 7.5. It 
can be observed that TGM-fines is the weakest interface with the lowest peak shear strength. 
Table 7.7 Approximation of average effective normal stresses (a;) acting on the liner for 
different side slope angles, Ko and unit weights of waste using Mohr's circle 
a; - Stiff waste on' .... Intermediate waste a; - Soft waste 
"(waste Side slope (kPa) (kPa) (kPa) 
(kN/m3) angle, b Ko Ko Ko 
0.48 1.0 0.48 1.0 0.48 1.0 
6.9 1:2.0 102 114 163 182 129 144 
1:2.5 106 114 169 182 134 144 
1:3.0 108 114 172 182 137 144 
10.0 1:2.0 151 169 163 182 187 209 
1:2.5 157 169 169 182 194 209 
1:3.0 160 169 173 182 198 209 
12.6 1:2.0 193 215 163 182 236 263 
1:2.5 200 215 169 182 244 263 
1:3.0 204 215 173 182 250 263 
Table 7.8 Approximation of average effective shear stresses (or) acting on the liner for 
different side slope angles, Ko and unit weights of waste using Mohr's circle 
a; - Stiff waste a; - Intermediate waste on' .... Soft waste 
. "{waste Side slope (kPa) (kPa) (kPa) 
(kN/m3) angle, b Ko Ko Ko 
0.48 1.0 0.48 1.0 0.48 1.0 
6.9 1:2.0 24 0 38 0 30 0 
1:2.5 20 0 33 0 26 0 
1:3.0 18 0 28 0 23 0 
10.0 1:2.0 35 0 38 0 43 0 
1:2.5 30 0 33 0 37 0 
1:3.0 26 0 28 0 33 0 
12.6 1:2.0 45 0 38 0 55 0 
1:2.5 39 0 33 0 47 0 
1 :3.0 34 0 28 0 41 0 
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7.1.5 Geosynthetics properties 
The axial tensile properties of geosynthetic components are required to assess the 
integrity of landfill liner (e.g. axial stress and strain) so that they act as an effective barrier 
system against land contamination during the design life of a landfill. The information is also 
essential for the design of anchor trench and runout length at the slope crest (Hullings and 
Sansone, 1997; Koemer, 1997). Additionally, tensile stresses and strains in geosynthetic 
components during and after construction of a landfill are useful in determining the suitable lift 
height in a filling sequence, as well as the distance and height between benches in order to avoid 
excessive build-up of stress and strain in liner (Liu and Gilbert, 2003). 
In the numerical landfill model, the geosynthetic lining components are represented with 
linear elastic beam elements. Since the level of strains that would be imposed in the 
geosynthetics are unknown, the secant elastic tensile moduli defined as peak yield tensile 
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strengths over their corresponding strains are used. Because secant is lower than tangent tensile 
moduli, the computed tensile strains and stresses in the geosynthetic in this study would be 
higher and thus, are more conservative. 
7.2 Presentations and Terminology of Outputs 
The integrity of a lining system is discussed primarily from two types of responses: the 
mobilised strength along an interface ('ti) or degree of strength reduction (SR) that is evaluated 
based on the relative shear displacements (RSD), and the maximum tensile strains (Ctm,,) in the 
geosynthetic components. To recap Section 3.12.3, SR is defined in Equation (7.1). An SR of 0 
and 1 indicate pre-peak or peak ('tp), and large displacement ('tLD) interface shear strengths, 
respectively. A high SR value implies post-peak shear strength ('ti) close to 'tw, while a low SR 
suggests the opposite. It has to be noted as well that any pre-peak interface shear strengths are 
also grouped into SR of 0 since 'tp will be used for design in such case. Additionally, the effect 
of parameters' variability to the magnitude of total mechanical settlements (TMS) are also 
presented. 
f -f· SR= p , (7.1) 
fp-fW 
With at least 250 runs conducted for a simulation, the responses are presented in form of 
cumulative distribution (CD) plots. A CD chart is analogous to a particle size distribution in soil 
mechanics, in which the horizontal axis represents the range of response values (e.g. SR, Ctmax. 
TMS), while the vertical axis states the probability of samples having values less than or equal 
to the dictated response value. From a CD chart, the response value corresponding to 95% 
probability of occurrence or 95% confidence level based on Eurocode 7 (2004) is interpolated. 
Conventionally, a probability of occurrence is defined as the ratio of runs, in which any 
location along the interface, or in the beam segments, or within the waste body is subjected to a 
particular response value, to the total number of realisations in a simulation. For example, a 
95% probability of occurrence corresponding to SR of 0.5 suggests that 238 out of 250 
realisations have interface shear strengths equal to or greater than 'ti of'tp - 0.5(11) - 'tLD) along 
the total liner length. In other words, only 12 runs have post-peak interface shear strengths 
lower than 't" and this value is a reasonable interface shear strength for LE designs according to 
Eurocode 7 (2004). To investigate in detail the degree of interface strength mobilisation, the 
interfaces along the landfillliner are grouped into two, namely those situated along the base and 
the side slope of the landfill lining system. However, most discussions on SR or mobilised 
strengths are emphasised to the side slope as low RSDs occur at the base of a landfill (J ones, 
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1999) and hence, pre-peak or peak shear strengths are typically still available at basal interfaces. 
Additionally, it needs to be highlighted that the entire, and not fractions, of the basal or side 
slope length, have at least post -peak interface shear strength equal to or greater than ti' 
Therefore, ti computed from a SR value corresponding to 95% of probability of occurrence, or 
confidence level, may be more convincing for design than an average ti calculated based on 
fractions of mobilised shear strengths along the length of the liner. 
Based on suggestions from Berg and Bonaparte (1993), Meipner and Abel (2000) and 
Seeger and MUller (2003), the axial strain within a HOPE geomembrane should be kept within 
3% during its design life. For this study, a failure probability in a geosynthetic component is 
defined as the number of runs with Etmax at any location in the beam elements that exceeds 1% 
strain to the total number of runs. The limiting criteria for Etmax is assigned lower than 3% since 
other loading scenarios such as pore pressure build-up, equipment loadings and long-term 
downdrag of waste (e.g. degradations and creep) are not considered in this study. Since a linear 
elastic beam element is assumed, the maximum axial stress (CJtmaJ in the geosynthetic can be 
computed using the following relationship: 
(7.2) 
where E and Etmax are the assigned secant elastic tensile modulus and the maximum axial strain, 
respectively. 
7.3 I nitial Study 
Before proceeding to the results of the series of sensitivity and parametric simulations, an 
initial study is carried out to better understand the behaviour of a multi-layered lining system to 
the input parameters. As discussed previously, interface shear stiffness (k,) is used to compute 
displacements and mobilised shear stresses along the interface, while the limiting interface 
stresses are determined by the assigned strengths. In the initial study, the values for high, 
intermediate and low k, are fictitiously designated as 6.0e6 Palm, 3.0e6 Palm and 1.5e6 Palm, 
respectively, and are assigned arbitrarily to TGM-fines, TGM-NWGT and NWGT -coarse 
interfaces based on combinations stated in Table 7.9. In comparison, these values are 
intentionally assigned lower than those stated in Table 7.4 so that unsatisfactory performance 
such as high RSD can be observed. Meanwhile, the strength characteristics for all three 
interfaces are assigned the same values, which is taken as the mean values of TGM-fines 
interface (Table 4.17), and kept constant for all realisations in the initial study. Other input 
parameters for the numericallandfill model are assigned constant mean values stated in Section 
7.1. Therefore, the variable responses in the lining system due to waste settlement for each 
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simulations are solely the influence of assigning different k, to the three interfaces. The 
discussions presented in subsequent sections correspond to the final construction stage (const6), 
while the geomembrane and geotextile are considered to be fixed and freed, respectively, at the 
crest of the slope. 
Table 7.9 Parametric studies for different combinations of interface stiffness for lining 
interfaces 
Parametric study 
SimPl 
SimP2 
SimP3 
SimP4 
SimP5 
SimP6 
SimP7 
SimP8 
SimP9 
TGM-fines 
1.5e6 
3.0e6 
6.0e6 
1.5e6 
3.0e6 
6.0e6 
1.5e6 
6.0e6 
3.0e6 
k, (Palm) 
TGM-NWGT 
3.0e6 
l.5e6 
3.0e6 
6.0e6 
6.0e6 
1.5e6 
3.0e6 
3.0e6 
3.0e6 
7.3.1 Relative shear displacements along lining interfaces 
NWGT-coarse 
6.0e6 
6.0e6 
1.5e6 
3.0e6 
1.5e6 
3.0e6 
1.5e6 
6.0e6 
3.0e6 
Figure 7.7 illustrates the relative shear displacement (RSD) distributions along TGM-
fines, TGM-NWGT, and NWGT-coarse interfaces for Sims PI to P6. A smooth concave RSD 
curve along the side slope of landfill demonstrates that the particular interface is experiencing 
slippage due to low k, value. Therefore, it is observed that significant slippage (e.g. greater than 
100 mm) occurs at TGM-fines interface for Sims PI and P4, at TGM-NWGT interface for Sims 
P2 and P6 and at NWGT-coarse interface for Sims P3 and PS. In other words, the highest RSD 
distribution occurs along the interface with lowest k,. 
Based on Figure 7.7(a) and (c), it appears that if slippage is located at the top (e.g. 
NWGT-coarse) or the bottom (e.g. TGM-fines) of a lining system, the maximum displacements 
are independent from k, of the adjacent interface. However, for a sandwiched interface (e.g. 
TGM-NWGT), its displacements are influenced by interfaces located beneath (e.g. TGM-fines) 
and above (e.g. NWGT-coarse) it. For example, when TGM-NWGT is the weakest interface in 
the lining system, its displacements are exacerbated ifk, ofNWGT-coarse is lower than TGM-
fines interface (compare Sims P6 to P2 in Figure 7.7b). However, if TGM-NWGT is not the 
weakest interface, its displacements are higher if the slippage occurs at the interface beneath it 
rather than above it (Sims PI and P3 in Figure 7 .7b). 
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Figure 7.7 Interface shear displacements for Sims PI to P6 combinations of interface shear 
stiffness 
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Figure 7.8 illustrates that NWGT-coarse interface slipped although both NWGT -coarse 
and TGM-fines are assigned the same low k, value. This is because the stresses are transferred 
'top-down' (e.g. from the interface adjacent to waste, to the interface against the foundation 
soil), and NWGT -coarse interface is directed subjected to the stresses exerted by waste 
settlement before transferring them to the underlying interfaces. The progressive slippage of 
NWGT -coarse interface impedes the development of displacements along the underlying 
interfaces. Additionally. the RSD distributions of NWGT -coarse interface for Sims P7 and P3 
are similar, which further augments the statement that the lower interfaces are protected against 
excessive displacement if weakest interface is located at the top interface Likewise, Figure 7.9 
shows that NWGT -coarse interface experiences the highest displacements when interface 
stiffness and strength are the same for all three interfaces (Sim P9) due to direct downdrag from 
waste settlement. 
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Figure 7.8 Distributions of relative shear displacement along lining interfaces for Sim P7 
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Figure 7.9 Distributions of relative shear displacement along lining interfaces for Sim P9 
7.3.2 Strains in geosynthetics 
The magnitude of strains developed in the geosynthetic lining components depends on the 
location of the weakest interface. Figure 7.10 illustrates typical strain distributions (e.g., Sims 
PI and P4) in a geomembrane and a geotextile, where slippage occurred along the bottom 
interface (TGM-fines). The strain distributions are continuous with tension and compression 
located respectively at the upper and lower portions of the geosynthetics, along the length of the 
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side slope. Additionally. it can be discerned that any geosyn!hetic components that are placed 
above a slippage would display similar strain distributions. However. the distributions of axial 
stresses are not the same since !he assigned tensile moduli for TGM and NWGT are different. 
For slippage !hat occurs above. the geosynthetics such as along the NWGT -coarse 
interface. it is observed in Figure 7.11 !hat the strain distributions are relatively low and are 
localised acccordingly to !he construction stages. However. NWGT is subjected to relatively 
high tensile and compressive strains at construction stage 6 because the slippage along NWGT-
coarse interface may be progressing towards the TGM-NWGT interface. which is weaker !han 
!he TGM-fines interface. Additionally. the tensile strains in NWGT at the crest of the slope is 
low because the geosyn!hetics is not fixed at the anchorage. 
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Figure 7.11 Strain distribution in geosynthetics where slippage occurs at !he top interface 
7.3.3 Anchorage of geosynthetics 
The effect of different types of geosynthetic fixity at !he crest of !he slope is illustrated in 
Figure 7.12. The positive and negative values in the figure denote tensile and compressive 
strains. respectively. It can be observed that !he strain distributions for all three cases are similar 
except in the vicinity of the side slope crest. where the geosyn!hetic components are anchored. 
However. this distinct behaviour cannot be seen if failure occurs at !he TGM-fines interface as 
bo!h geosynthetics will behave as one entity (Figure 7.10). 
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Figure 7.12 Strain responses for different geosynthetics anchorage at the crest oflandfill slope 
7.4 Stresses on the Lining System 
7.4.1 Stress-transfer mechanisms in the lining system due to waste settlement 
For shallow-sloped landfills, the waste settlement exerts shear stresses along the lining 
system as well as restricting downslope movement (Long et al., 1995). As waste settles under 
its own weight, shear stresses that develop within the waste mass are transmitted to the lining 
interfaces adjacent to the waste, but are limited by the strength of the interface. Equations (7.3) 
and (7.4) define the maximum possible shear stress that can be imposed on the interface due to 
downdrag movement (tw) as well as limiting stress controlled by the interface strength (twig). 
The variables in the equations are expressed in Figure 7.13. The shear stresses exerted onto the 
lining system are the lesser of the two mechanisms. 
1'w '" rwaste·d ·sinb 
1'wl g = rwaste . d . cosb· tan Owl g 
Waste 
~w"" = 10 kNfm3 
(7.3) 
(7.4) 
-Waste-geosynthetic friction angle 
(OWl,) 
Figure 7.13 Lining system subjected to waste settlement 
In a finite difference numerical landfill model, the stresses and strains within the waste 
mass due to selfweight, or any other types of loadings on the waste body, are incrementally 
extrapolated throughout the system by Lagrange's algorithms. This process, commonly 
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identified as global stress or strain redistribution, reduces the stresses from the waste transmitted 
to the adjacent interface to equal to or less than tw and twig. Subsequently, the stresses and 
strains are transferred from the waste to adjacent interfaces via springs-slider systems. The 
incremental relative shear displacements of each interface segment are calculated from velocity 
(in units of displacement per timestep) of the nodals, which are then resolved into the total 
normal and shear forces computed based on the assigned ks and ko• Nevertheless, the shear force 
is limited to the Coulomb shear-strength criterion defined as follows: 
(7.5) 
where IX and /) are the strength parameters along the interfaces, L is the effective contact length, 
and Fo is the normal shear force. These forces are then rotated back to the global x-y reference 
system and lumped into respective gridpoints in such a ratio to satisfy moment equilibrium. The 
forces acting on each gridpoint are summed when computing the unbalanced force, and the 
entire process is repeated during each calculation steps until convergence is achieved. 
7.4.2 Normal and shear stresses based on Mohr's circle 
The principal (al' and an, vertical (ay'), horizontal (a:) and shear (t,y) stresses within 
the waste elements, obtained from different landfill numerical simulations, are used to estimate 
the possible stresses that may be imposed on the landfilllining system, as well as coefficients of 
pressure at rest (Ko). The average normal (a;) and shear ('r) stresses that may be transferred 
along the liner on the side slope are resolved from cry', cr: and t,y of the waste elements using 
Mohr's circle (Figure 7.5). The average values are calculated by averaging the waste elements' 
stresses that are located at the same row or similar elevation in the numerical landfill model. 
Only a single run is carried out for each landfill case (e.g. different slope inclinations, waste 
compressibility, and unit weight of waste) using the mean input parameters defmed in Section 
7.1.2 to illustrate the magnitude of stresses that can be expected at the side slope lining system. 
The mild, base case and steep slopes refer to side slope inclinations of 18.4°, 21.8° and 26.6°, 
while high, base case and low "{w",,, are assigned as 12.6 kN/m\ 10.0 kN/m3 and 6.9 kN/m3, 
respectively. The waste properties for soft, base case and stiff waste are summarised in Section 
7.1.2. 
Figure 7.14 shows the average ay', cr: and t,y with landfill depth, obtained from the 
waste elements of different landfill simulations at final construction stage. The values for these 
stresses are equivalent to those presented in Section 7.1.4, which were estimated based on the 
assumption of negligible t,y. In Figure 7.14, the small average t,y values of 0 to 2.5 kPa do not 
contribute significantly to the resolved stresses along the liner, and thus can be assumed zero for 
waste settlement in landfill. 
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Figure 7.14 Distributions of average vertical, horizontal and shear stresses of waste elements 
along the depth of the numericallandfill 
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Figure 7.15 Distributions of average normal and shear stresses that may be imposed to the 
lining system from waste mass along the depth of the numericallandfill 
Figure 7.15 illustrates the distribution of average O'n' and't that may be transferred to the 
inclined plane of side slope liner. It can be observed that the compressibility of waste does not 
influence the distributions of stresses along the depth of the landfill. provided that Yw",,, remains 
constant as the waste settles. Although high Yw" .. impose the highest O'n. it is the steep slope that 
would result in the highest 'to 
Figure 7.16 shows the average major (0',) and minor (0'3) principal stresses along the 
depth of the landfilL The figure demonstrates that only Yw,,,, has a significant influence on the 
distributions of principal stresses. From the depth of I 0 m and downwards. the ratios of 0'3 over 
0', or defined as Ko. are approximately 0.28 to 0.33 as seen in Figure 7.17. These values are 
consistent with the reported Ko in the range of 0.23 to 0040 for fresh waste (i.e. 3 to 6 years old) 
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by Landva et al. (2000). Therefore, the waste parameters assigned in the numerical landfill 
model is reasonable to represent the filling stage. 
However, there are erratic patterns that can be observed at depths less than 10 m for most 
cases, as well as high Ko values for the waste zone at the bottom of the landfill adjacent to the 
side slope interfaces. The erratic behaviour may be attributed to settlement activity at the 
surface of the landfill , while high Ko value of the waste zone at the bottom of landfill in Figure 
7.17(b) could be due to constraint imposed by the geometry of the corner. In the subsequent 
section, the shear and normal stresses acting on and along the interfaces are investigated to 
substantiate the stress-transfer mechanism discussed in Section 7.4.1. 
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Figure 7.16 Distributions of major and minor principal stresses of waste elements along the 
depth of the numericallandfill 
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Figure 7.17 Distribution of Ko along the depth of the numericallandfill at (a) the far end side 
and (b) adjacent to the lined slope, and (c) the averages across the landfill 
7.4.3 Normal and shear stresses acting on the interfaces 
.:. Normal stresses along interfaces 
Figure 7.18 illustrates the distribution of normal stresses acting on the interfaces along the 
length of the landfill side slope «(JoINT) for 'BaseCase250' conditions stated in Table 7.1. The 
normal stresses appear to be lower at the toe of the side slope due to constraint imposed at 
intersection of two different gradients (i.e. corner). For the range of Ywasre reported in Table 7.3, 
the (J"'NT varies from 5 to IS kPa, and 200 to 329 kPa at the crest and toe of the side slope, 
respectively. 
When YwaslO is taken as a constant value of 10 kN/m3 in 'GwasteAvg' simulation, it can be 
observed in Figure 7.19 that (J"'NT is distributed consistently along the side slope. The figure 
illustrates that Ywa", is a significant parameter, which contributes to both stabilising as well as 
accentuating force (Section 7.4.1). Since waste constituents and its proportions vary, 
determination of YwaslO is uncertain. Therefore, YwaslO should be taken as a random variable during 
landfill design process. 
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Figure 7.18 Normal stresses along TGM·fines, TGM·NWGT and NWGT·coarse interfaces at 
stage construction 6 for 'BaseCase250' conditions 
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Figure 7.19 Normal stresses along TGM·fines, TGM·NWGT and NWGT·coarse interfaces at 
stage construction 6 for 'GwasteAvg' conditions 
Based on Figures 7.20 and 7.21, the range of side slope gradients considered in this study 
do not contribute significantly to the distribution of (JnINT. The maximum normal stresses at the 
bottom of the side slope vary from 192 to 316 kPa and 204 to 338 kPa for side slope angle of 
26.6° and 18.4°, respectively. Additionally, there are abnormalies in (JnINT distribution at the 
crest of side slope that corresponds to realisations with high RSD (see Section 7.6.2) for TGM· 
fines interface. However, it is unclear why high interface RSD, and hence greater interface shear 
strength mobilisation, would influence the distribution of (JoINT at the crest of the slope. One 
possible explanation is that failure is occurring for these realisations and therefore, termination 
of the .stepping process in the numerical model at a specified sratio of 0.01 (see Section 3.8) is 
insufficient to achieve eqUilibrium state at the TGM·fines interface. Additionally, this behaviour 
may also be contributed by insufficiency of anchorage modelling at the crest of side slope. 
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Figure 7.20 Normal stresses along TGM·fines, TGM·NWGT and NWGT·coarse interfaces at 
stage construction 6 for 'SSlp250' conditions 
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Figure 7.21 Normal stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'MSlp250' conditions 
Figures 7.22 and 7.23 demonstrate that the distributions of (JnINT for 'StiffWaste250' and 
'SoftWaste250' conditions are similar. O'nlNT at the bottom of the side slope for 'StiffWaste250' 
and 'SoftWaste250' range from 198 to 326 kPa, and 199 to 329 kPa, respectively, while the 
O'nINT at the crest of the side slope vary from 4 to 10 kPa and 4 to 12 kPa. These distributions are 
equivalent to the ones recorded for 'BaseCase250' conditions. Therefore, the normal stresses 
acting on the interfaces are independent of waste compressibility. Based on the total vertical 
settlement in Section 7.5, more waste are filled into the 'SoftWaste250' landfill. However, the 
properties of the waste, especially "(w,,,,, are kept constant with depth as the landfill height 
progressed. Therefore, the volume and weight of the waste mass at final stage construction is 
similar for all landfill cases, regardless of the magnitude of total vertical settlement from prior 
construction stages, as "(w",,, and landfill geometry remained the same in a numerical run. As 
expected, (JnlNT acting on the interface at the bottom of the side slope for both thick 
(ThickLift250') and thin waste (ThinLift250') lifts are 201 to 333 kPa. 
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Figure 7.22 Normal stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'StiffWaste250' conditions 
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Figure 7.23 Normal stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'SoftWas.te250' conditions 
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Figure 7.24 Normal stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'Cell_BaseCase250' conditions 
Likewise, Figure 7.24 shows that O""INT at the toe and crest of the side slope for 
'Cell_BaseCase250' landfill are 195 to 321 kPa and 5 to 10 kPa, respectively. The normal 
stresses are similar to 'BaseCase250' conditions because the volume of waste on the side slope 
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for both cases are almost equivalent since fhe external waste slope in the landfill cell does not 
extend over the side slope . 
• :. Shear stresses along interfaces 
Similar to OnINT, the shear stresses along side slope interfaces (TINT) are lower at the toe of 
side slope due to a corner effect. Moreover, fhe shear stresses at the base are lower fhan the side 
slope because of lower relative shear displacement along basal interfaces. This behaviour is also 
documented in Reddy et al. (1996), Jones (1999) and Park and Lee (2005). TINT at fhe bottom 
and crest of the side slope range from 44 to 74 kPa and 0 to I kPa, respectively. Based on RSD 
analysis (Figure 7.64 Section 7.7.2), 246 realisations have reached post-peak shear strengfhs (T,) 
along fhe TGM-fines interface at side slope but none of the 250 runs has mobilised T, of less 
than 52 kPa (i.e. SR greater than 0.8). Since peak and large displacement shear strengths for fhe 
weakest interface vary from 71 to 100 kPa and 39 to 50 kPa, the shear stresses along these 
interfaces could either be exerted from the shear stresses generated within fhe waste mass, or 
limited by the weakest interface (Section 7.4.1). However, it is believed that the interface shear 
stresses along fhe liner are imposed by the global stress redistribution from the waste mass 
because TINT distributions for all three interfaces with different le, are almost identical. 
Additionally, fhe shear stresses are not controlled by the weakest interface since no failure (i.e. 
high RSD) is recorded along any interfaces. 
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Figure 7.25 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'BaseCase250' conditions 
Likewise to OnINT, Figure 7.26 shows that the distributions of TINT for all three interface 
are almost the same in the 'GwasteAvg' case, in which Yw",,, is kept constant but the interface 
stiffness and strength vary throughout 250 realisations. These results further support the 
deduction that the shear stresses along the lining system are imposed by the stresses generated 
from selfweight of waste and are not computed from interface shear stiffness or strength when 
no slippage is occurring. 
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Figure 7.26 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'GwasteAvg' conditions 
Figure 7.27 illustrates that the range of 'tINT for 'SSlp250' are wider than the 
'BaseCase250' cases. The 'tINT for TGM-fines interface segments situated at the toe and crest of 
side slopes are 48 to 86 kPa, and 0 to 31 kPa, respectively. The interface shear stress of 86 kPa 
is greater than the reported upper value for 'BaseCase250' conditions at the toe of the side slope 
because higher stresses are generated within the waste mass adjacent to the interface side slope 
due to a steeper slope inclination. 
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Figure 7.27 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for 'SSlp250' conditions 
For 'SSlp250' landfill, high RSD along the TGM-fines interface are documented for 19 
realisations. In these runs, there are anorrnalies shown in the 'tINT distributions at the crest of the 
side slope for TGM-fines interface, and at the toe of the side slope for TGM-NWGT and 
NWGT -coarse interfaces, which could be due to insufficient number of timesteps, corner effects 
and shortcoming of simplistic anchorage. It is shown in Figure 7.28 that the shear stresses along 
all three interfaces at the side slope are limited to the strength of the weakest interface, in which 
large displacement shear strengths are mobilised along TGM-fines interface but not along 
TGM-NWGT and NWGT-coarse interfaces. For the remaining realisations, the shear stresses 
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are transferred to the interfaces from stress generated within the waste mass. Therefore, the 
interface shear stresses are less than the interface shear strength as depicted in Figure 7.29 for 
three examples of unfailed realisations. Figure 7.30 further substantiates that tINT is either 
dependent on Yw""" which influences the shear stresses generated within the waste body that are 
imposed on the lining system, or limited to the shear strength of weakest interface if failure 
occurred. 
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Figure 7.28 Shear stresses and strengths along TGM-fines, TGM-NWGT and NWGT-coarse 
interfaces at stage construction 6 for failed realisations with 'SSlp250' conditions 
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Figure 7.29 Shear stresses and strengths along TGM-fines, TGM-NWGT and NWGT-coarse 
interfaces at stage construction 6 for unfailed realisations with 'SSlp250' 
conditions 
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Figure 7.30 Shear stresses and strengths along TGM~fines, TGM~NWGT and NWGT-coarse 
interfaces at stage construction 6 for 'GwasteAvg..SSlp' conditions 
For 'MSlp250', 'Stiffwaste250', 'SoftWaste250' and 'Cell_BaseCase250' landfill 
conditions, no high RSD are demonstrated in the series of simulations. Figure 7.31 shows that 
'tINT of 38 to 64 kPa along interfaces at the toe of side slope for 'MSlp250' is lower than the 
range recorded for 'BaseCase250'. Meanwhile, 'tINT for 'Stiffwaste250' (Figure 7.32), 
'SoftWaste250' (Figure 7.33) and 'Cell_BaseCase250' (Figure 7.34) at the bottom of side slope 
are 43 to 73 kPa, 46 to 74 kPa, 45 to 74 kPa, respectively, which is similar to 'BaseCase250' 
landfilL Since no failure is occurring at the interfaces and most interfaces have reached post-
peak shear strengths, the shear stresses along the interfaces are believed to be transferred from 
waste stress redistribution, and not computed from interface stiffness and strength. Additionally, 
it can be observed in Figure 7.33 that some anormalies of 'tINT occur along the NWGT-coarse 
interface. It is possibly attributed to early termination of solving process that is based on 
unbalanced forces. In other words, sratio of lower than 0.01 to achieve equilibrium state 
(Section 3.8) maybe required, but this will incur higher solution times. 
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Figure 7.31 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for MSlp250 conditions 
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Figure 7.32 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for StiffWaste250 conditions 
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Figure 7.33 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for SoftWaste250 conditions 
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Figure 7.34 Shear stresses along TGM-fines, TGM-NWGT and NWGT-coarse interfaces at 
stage construction 6 for Cell_BaseCase250 conditions 
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7.4.4 Summary of stresses in the lining system 
For shallow-sloped landfills, the shear stresses generated along the interfaces ('t,NT) are 
dependent on the unit weight of waste (l'w,",,) and the side slope inclination. At post-peak shear 
strength conditions, 'tINT is not controlled by the interface stiffness (k,) or strength if no failure 
(i.e. high RSDs) occurs. Therefore, the 't,NT distributions could be higher than values calculated 
based on k, and RSD, but lower than or equal to the interface shear strength. However, when 
there is slippage or high RSD, 'tINT distributions in all interfaces are limited to the shear strength 
of the weakest interface. 
In this study, the basal length is 100 m long, and the waste slope in the landfill cell does 
not extend over the side slope. Therefore, the amount of waste piled on top of the side slope in 
the symmetrical landfill and the landfill cell are almost identical. Provided a long basal length 
and no failure occurs within waste mass, the normal and shear stresses in the side slope lining 
system would be equivalent for the two cases. 
7.5 Total Mechanical Settlement 
Using the Monte Carlo approach, the range of total mechanical settlement (TMS) during 
waste filling can be evaluated by taking into consideration the variability and uncertainty in the 
unit weight of waste. These values can be used to crudely estimate the additional volume of 
landfill available for waste filling. Figure 7.35(a) shows the profile of the waste vertical 
settlement at construction stage 6 (const6), while Figure 7.35(b) depicts a histogram of 
maximum TMS (i.e. located at center of the landfill) for 'BaseCase_250' landfill that range 
approximately from 6.73 to 9.69 m. It needs to be clarified that the settlement profile only 
depicts the vertical compression of the waste mass during a contruciion stage, while the TMS is 
the summation of the vertical compression for all construction stages. The TMS corresponding 
to 95% of occurrence (TMS@95%) for this case is 9.32 m, which imply that 238 of 250 runs 
have TMS less than or equal to 9.32m. Conversely, 95% of the realisations have TMS equal to 
or exceeding 7.18 m. 
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Table 7.10 Maximum TMS statistics for different landfill analyses 
Average Standard COY Minimum Maximum TMS@95% 
Landlill cases deviation 
metre metre % metre metre metre 
BaseCase250 8.285 0.630 7.6 6.732 9.691 9.320 
BaseCase500 8.285 0.640 7.7 6.732 9.691 9.320 
BaseCase1000 8.188 0.658 8.0 6.247 9.727 9.235 
GwasteAvg 8.258 0.009 0.1 8.240 8.285 8.274 
GwasteAvR-SSlp 8.263 0.009 0.1 8.244 8.301 8.278 
IntStiffAvR-SSlp 8.282 0.626 7.6 6.732 9.672 9.305 
IntStrgthAvR-SSlp 8.282 0.626 7.6 6.732 9.672 9.305 
EbeamA vR-SSlp 8.282 0.626 7.6 6.732 9.672 9.305 
SSlp250 8.291 0.633 7.6 6.737 9.714 9.315 
SSlp500 8.291 0.633 7.6 6.737 9.714 9.305 
MSlp250 8.282 0.626 7.6 6.732 9.672 9.305 
StiffWaste250 5.163 0.582 11.3 3.742 6.476 6.080 
SoftWaste250 13.895 0.836 6.0 11.967 15.780 15.225 
ThickLift250 7.971 0.560 7.0 6.594 9.234 8.890 
ThinLift250 8.805 0.751 8.5 6.991 10.492 10.015 
Cell_B aseCase250 8.062 0.595 7.4 6.555 9.384 9.020 
CelUSlp250 8.013 0.621 7.7 6.486 9.512 9.005 
Cell_StiffWaste250 4.734 0.577 12.2 3.361 6.063 5.670 
BaseCase_highCOV 5.171 0.592 11.4 3.350 6.475 6.085 
Cell highCOV 4.742 0.586 12.4 2.996 6.064 5.670 
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The cumulative probability distributions of maximum total mechanical settlement for 
different landfill cases are illustrated in Figure 7.36. Table 7.10 summarises the averages, 
standard deviations, coefficient of variations (COV), ranges and TMS@95% for different 
landfill cases carried out in the sensitivity and parametric studies. The TMS@95% refers to the 
maximum TMS fhat corresponds to 95% of the runs having TMS less fhan or equal to fhe stated 
values. It can be observed that the statistical values are almost similar for most cases except for 
constant Yw",'o> landfill cell, different waste compressibility and waste lift thickness conditions. 
For fhe degree of Yw",,, uncertainty assumed in this study, the COY of maximum TMS for 
various landfill cases range from 6.0% to 12.2%. 
If Yw"," is taken as a constant value throughout the runs, the maximum TMS@95% is 
recorded as 8.27 m. Moreover, fhe range of maximum TMS for 'GwasteAvg' 1andfill is narrow, 
being about 8.24 to 8.28 m. This demonstrates that Yw",,, is a significant parameter, which not 
only influences fhe stresses acting on the liner, but also assists in estimating the possible range 
of additional 1andfill volume available for waste due to mechanical settlements. Therefore, Yw"," 
should be taken as a random variable in any probabiIistic landfill engineering designs. 
The maximum TMS for 'Cell_BaseCase250' is slightly less fhan 'BaseCase_250' 
conditions, with 95% occurrence corresponding to 9.02 ill. In this case, the boundary conditions 
between a closed landfilI and a landfill cell is insignificant provided that the waste slope does 
not extend over fhe side slope of the lining system. 
As expected, the maximum TMS for stiff and soft waste are lower and higher fhan the 
base case landfill, with fhe values ranging from 3.74 to 6.47 m and 11.97 to 15.78 m, 
respectively. Although these settlements are clearly different from 'BaseCase_250' landfill, the 
shear and normal stresses along fhe interfaces are almost fhe same (Sections 7.4.3), which 
indicates fhat these stresses are independent of waste compressibiIity for a shallow-sloped 
landfilI. Neverfheless, the compresssibiIity of waste does influent fhe degree of interface 
strength mobilisation, which is computed based on RSD (Section 7.7.2). 
Finally, the waste lift thickness is an operational condition depending on the site and 
equipment available at the landfill. The maximum TMS for thick and fhin waste lifts range from 
6.59 to 9.23m and 6.99 to 10.49 m, respectively. In general, thin layers of lifts create more 
volume in the landfiII for waste filling due to a more homogenous compression within fhe waste 
body. However, fhe differences in maximum TMS are relatively Iow for waste lift thicknesses 
that are varied from 2 m to 10 m. 
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7.6 Sensitivity Analyses and Discussions 
This section discusses the outcomes of sensitivity studies outlined in Table 7.1. The first 
part presents the effect of different realisation number on the responses of waste settlement and 
lining system, while the second part probes into the significance of taking into account the 
variability of input parameters such as interface shear stiffness and strength, tensile elastic 
modulus of geosynthetics and unit weight of waste to the degree of mobilised strength along 
liner interfaces and computed failure probability. In the second part (Section 7.6.2), the 
contribution of the input parameters to the liner's responses are investigated using 'SSlp' 
conditions as no failure (i.e. high RSD at the weakest interface) is detected for base case 
conditions in 250 runs. With less critical landfill geometry, it is difficult to examine the impact 
of varying input parameters on response of the landfillliner. 
7.6.1 Effect of Number of Realisations 
Since the responses of waste and lining system are based on the Monte Carlo approach, 
the number of realisations or runs would effect the final computed probability of occurrence as 
outlined in Section 2.9.3. Low numbers of realisations are not representative of the probability 
distribution assigned to the input parameters and do not cover the different combinations of 
scenarios that might occur, while high numbers of runs require high computational time, cost 
and output storage problems. Nevertheless, the results would straddle, or fall in some range, 
around the exact value even though relatively low sampling values (Baecher and Christian, 
2003) are applied. Therefore, the outcome probabilities can indicate the quality of input 
parameters, and justify the need for additional investment to improve engineering designs . 
• :. Total mechanical settlement (TMS) 
Figure 7.37 illustrates the cumulative probability distributions of maximum total 
mechanical settlement (TMS) for 250, 500 and 1000 number of runs with base case landfill 
conditions. The maximum TMS corresponding to 95% probability of occurrence (TMS@95%) 
for all three cases range from 9.24 to 9.32 m. Furthermore, the histograms in Figure 7.38 for the 
three simulations demonstrate that a lower number of runs would display the pattern of the 
probability density curve, and the statistics are only slightly different from the higher number of 
runs (Table 7.1 0). Therefore, increasing the number of realisations from 250 to 1000 runs seems 
to have minor influence on the maximum TMS. Likewise, a similar conclusion is drawn from 
the statistics of maximum TMS for a landfill with steep side slope conditions, as observed in 
Table 7.10, for 'SSlp250' and 'SSlp500' cases. 
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.:. Relative shear displacement and mobilised interface shear strength 
As the landfill height progresses, selfweight loading of waste imposes higher 
displacements to the lining interfaces and therefore, results in greater post-peak strength 
mobilisations. Figure 7.39 shows an example of RSD along TGM-fines, NWGT-TGM and 
NWGT-coarse interfaces at construction stage 6 for base case landfill conditions. Based on the 
distributions of RSD along the interfaces, the mobilised shear strength can be determined using 
the approach outlined in Section 3.12.3. The degree of strength mobilisations are measured by 
SR values and presented as described in Section 7.2, with 0 and 1 indicating peak (including 
pre-peak) and large displacement strengths along the interface, respectively. Therefore, low SR 
values imply a pre-peak or high post-peak strength along an interface, and vice-versa. 
Figure 7040 illustrates the cumulative probability distribution of strength reduction (SR) 
occurring along TGM-fines, NWGT -TGM and NWGT -coarse interfaces at the side slope of the 
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landfill for base case conditions. In Figure 7.40(a), 95% of the runs for 'BaseCase250' 
conditions have SR values or SR@95% increasing from 0.28 to 0.60 at construction stages 4 to 
6. In other words, 238 of 250 realisations would still have post-peak strengths equal to or 
greater than ti at the end of contruction stage 6, with ti expressed as follows: 
ti = tp - 0.6( tp - tw) (7.6) 
Likewise, SR@95% for 500 and 1000 runs at contruction stages 4 to 6 increase from 0.28 to 
0.62 and 0.30 to 0.65, respectively. It can be observed in Figure 7.41 that as the number of 
realisations increase, SR@95% gradually reaches a constant value between 0.60 to 0.70 along 
the TGM-fines interface at the final contruction stage. Meanwhile, consistent SR@95% values 
of 0.46 and 0.09 are recorded, respectively, along TGM-NWGT and NWGT-coarse interfaces at 
construction stage 6. 
Figure 7.42 shows greater SR@95% values of 0.97,0.59 and 0.25 mobilised along TGM-
fines, TGM-NWGT and NWGT-coarse, respectively, for 'SSIp250' when compare to 
'BaseCase250' landfills. With a higher number of realisations, the strength reductions are found 
to increase steadily to constant values as demonstrated in Figure 7.43. Both examples of base 
case and steep side slope landfills have illustrated that 250 numerical realisations for the 
shallow slope landfill considered in this study are sufficient to provide SR@95% values that are 
close to results produce by higher number of runs. Based on SR@95% values summarise in 
Table 7.11, the differences at each construction stages between 250 and 500 or 1000 realisations 
are less than 10% (except construction stage 3 for 'SSlp' conditions). For stage construction 6, 
the differences of probability between 250, 500 and 1000 realisations at any SR value for both 
cases are less than 5%. Additionally, at 95% confidence level, the differences of strength 
reduction probability due to different number of simulations are negligible. Therefore, 250 
realisations are considered sufficient for the landfill cases conducted in this study from RSD and 
strength mobilisation aspects. 
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Table 7.11 SR@95% along TGM-fines interface at landfilI side slope for different number of 
realisations of 'BaseCase' and 'SSlp' simulations 
Stage _-"C",o.::ns:::t6::....._....:::C",on::;s.::tS,--_-,C",o::.:n:::.:st""4==",C::;:o",ns",t3,--_---",Co,,,n",s.::t2,--_-,C",o",n",st:.oi_ 
Landfill cases SR@95% 
BaseCase2S0 0.60 0.47 0.28 0.10 
BaseCase500 0.62 0.48 0.28 0.09 
BaseCaselOOO 0.65 0.48 0.30 0.09 
SSlp2S0 0.97 0.63 0.43 0.22 
SSlp500 0.97 0.64 0.44 0.18 
.:. Strains in geosynthetics 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
The strain distributions in NWGT and TGM for 250 runs of base case conditions are 
depicted in Figure 7.44. As discussed in Section 7.3.2, the tensile strain (Et) distributions in the 
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geosynthetics are localised since no failure or high RSD is detected along the interface for 
'BaseCase250'. Nevertheless, higher strains are observed at the toe of the side slope, which is 
believed to be attributed by corner effect. As these strains may be fictitious, they are ignored 
when constructing the cumulative probability distributions and the histograms of maximum 
strains. Likewise, Figure 7.45 shows the tensile strain distributions for the later 250 runs of 
'BaseCasel000'. Conversely, there is high RSD occurring along the TGM-fines interface for 
run number 882 (sim882) that yields strains exceeding allowable 1 % criteria in NWGT and 
TGM. These examples illustrate that there is a possibility of high strains exhibiting in the 
geosynthetics with higher number of runs. Nevertheless, the probability of failure is relatively 
low (Le. lxlO~3), considering that a higher unsatisfactory performance is considered acceptable 
for serviceability limit states (Orr and Farrell, 1999). 
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From Figure 7.46(a), tensile strains corresponding to different probabilities of occurrence, 
P(E,), can be extracted. For example, 238 or 95% of 250 base case landfill realisations have 
strains in NWGT and TGM less than or equal to 0.14% and 0.10%, respectively. Figure 7.46(b) 
shows fhe strains in NWGT and TGM corresponding to 95% probability of occurrence 
(strain@95%) at each construction stage for base case conditions. It can be discerned that the 
strains@95% are consistent for 250, 500 and 1000 runs especially at higher construction stages. 
Therefore, the results of strain probabilities in the geosynthetics for 250, 500 and 1000 base case 
landfill realisations are considered to be equivalent. 
Figure 7.47(a) illustrates the cumulative probability distribution of strains in geosynthetic 
lining components for 'SSlp' landfills fhat have steeper side slope inclination fhan 'BaseCase' 
landfills. Unlike 'BaseCase' landfills, the failure probabilities in TGM at the final construction 
stage are high, in which 19 of 250 (Pr of 7.6 x 10-2) and 45 of 500 (Pr of 9.0 x 10-2) runs have 
exceeded 1 % strain criteria as demonstrated in Figure 7.48. It can be seen in Figure 7 .47(b) that 
greater number of 'SSlp500' realisations are subjected to higher strains when compare to 
'SSlp250' at construction stages 4 and 5. However, the strain@95% in NWGT and TGM for 
both 250 and 500 runs of 'SSlp' conditions are 2.3% at construction stage 6. Since 95% of the 
runs in both simulations have exceeded 1 % strain, !he design of 'SSlp' landfills require 
improvement as fhe strains may increase in !he long-term. 
It has been demonstrated using 'BaseCase' and 'SSlp' landfills that fhe strains in the 
geosynthetic lining components corresponding to 95% of confidence level, do not vary 
significantly for different number of realisations, especially at the final construction stage. 
Although there is one unsatisfactory liner response in fhe 1000 base case realisations, the 
probability of failure is considered low for a serviceability limit state. Therefore, 250 landfill 
realisations are estimated to be sufficient to demonstrate the impact of input parameter 
variability to the responses of !he lining system in this study. 
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7.6.2 Variability of significant input parameters 
As presented earlier in Section 7.1.1, four input parameters, namely, unit weight of waste 
CYw",'e), interface stiffness, interface strength and elastic tensile modulus of geosynthetics are 
taken as random variables in the numerical landfill realisations. To examine the effect of . 
variability of these parameters on the lining responses, a series of four simulations are 
conducted. In each simulation, one input parameter of interest is kept constant throughout the 
250 realisations, while the others are varied according to their assigned probability distributions. 
The sensitivity analyses are carried out with the more critical 'SSlp' landfill conditions . 
• :. Relative shear displacements 
Figure 7.49 shows a comparison of RSD along TGM-fines, TGM-NWGT and NWGT-
coarse interfaces between 'SSlp250' and 'GwasteAvg_SSlp' Cyw",,, is kept constant) simulations 
at construction stage 6. High RSDs have occurred along TGM-fines interface in 19 and 13 
realisations of 'SSlp250' and 'GwasteAvli.-SSlp' simulations, respectively. Likewise, Figure 
7.50 illustrates high RSDs are detected at the weakest interface for 15,4, and 18 number of runs 
for 'IntStiffAvli.-SSlp', 'IntStrgthA vli.-SSlp', and 'EbeamA Vli.-SSlp' simulations, respectively. 
It is found that ignoring the variability of interface shear strength in 'IntStrgthA vli.-SS1p' 
" 
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simulations have reduced the number of failed cases that may possibly happen, and therefore, 
may lead to an unsafe engineering design. 
Figure 7.51 depicts the Vem-Euler diagram representation of the realisation numbers that 
have high RSD along the TGM-fines interface at final construction stage. A set of numeric 
values inside a closed shape are the run numbers which have maximum RSD greater than 
lOOmm for the simulation case. The overlapping of two closed shapes indicates that the 
realisation numbers inside the overlapped area, have failed in both simulation cases. Other 
realisation numbers that are not listed inside the closed shapes have RSD less than 100 mm. 
By carefully examining the sets, one can deduct the critical loading or/and the minimum 
resistance which results in high RSD for a specific combination of input parameters and landfill 
geometry. For example, run number 16 (simI6) of 'IntStiffAvg_SSlp' failed due to low mean 
shear stiffness, while sim40 and sim57 of 'IntStrgthAv~SSlp' failed due to low mean interface 
shear strength assigned to TGM-fines interface for 26.6° side slope landfill, and their specific 
combinations of input parameters. By increasing slightly the interface shear strength from the 
mean value as illustrated in Figure 7.52, no failure is detected for Sims40 and 57 of 'SSlp250' 
simulation. 
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'SSlp250' simulations for Sims78, 223 and 238 
It can be observed in Figure 7.51 that Sim183 is the only realisation which failed in all 
sensitivity simulations with 26.6° side slope landfilL When inspecting the input parameters, it is 
found that Yw",,, of 12.0 kN/ml is the major input which causes high RSD in siml83. Meanwhile, 
the indistinct role of elastic tensile moduli of geosynthetics (E) to RSD distribution can be 
evaluated in Figure 7.53. High RSD distribution along TGM-fines interface are detected in 
Sim78 of 'SSlp250' simulations when EwM and ENWGT are assigned 1.70e8 and 3.0Se7 Pa. 
Conversely, no failure is found in the same run of 'EbeamA vR-SSlp' although the designated 
ETGM and ENWGT of 1.7ge8 and 2.83e7 Pa are only slightly different from those in the 'SSlp2S0' 
simulation. Likewise, RSD distributions along TGM-fines interface at construction stage 6 in 
Sim223 and Sim238 of 'SSlp250' are higher than of 'EbeamA vR-SSlp', where the only 
disparity in input parameters between the two simulations is the assigned elastic tensile moduli. 
Finally, it has to be highlighted that each set of combinations of input parameiers are possible 
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values that can be utilised for the landfill design, especially since the sampling values are 
generated from good quality information with the possible minimum variability. The sensitivity 
analyses have demonstrated that failure may happen if variability of significant input parameters 
are not taken into consideration during design . 
• :. Mobilised interface shear strengths 
Figure 7.54 illustrates the progressive mobilisisation of shear strengths along interfaces 
with construction stages of 'SSlp250' simulation. At construction stages I and 2, peak interface 
shear strengths (i.e. SR of 0) are still available, but are slowly reduce to post-peak and large 
displacement shear strengths as greater waste heights are placed especially along TGM -fines 
interface. Figure 7.55 shows the probability cumulative distributions of SR along TGM-fines, 
TGM-NWGT and NWGT-coarse interfaces at the landfill side slope for different sensitivity 
simulations at the final construction stage. For the considered landfill geometry, 95% of 
realisations for the sensitivity simulations except 'IntStrgthA vg..SSlp' have almost reached 
large displacement shear strengths along TGM-fines, and 49% to 59% of SR along TGM-
NWGT. At NWGT -coarse interface, 238 runs have achieved SR in the range of 20 to 25%. 
Meanwhile, the SR ratios for TGM-Fines, TGM-NWGT and NWGT-coarse interfaces situated 
at the base of the landfill have not exceed 0.53, 0.12 and 0, respectively, at final construction 
stage. In all sensitivity simulations at construction stage 6, the largest strength mobilisations (i.e. 
highest SR values) occur wben variability of all input parameters are taken into account in 
'SSlp250' simulation as summarised in the second column of Table 7.12. Therefore, ignoring 
the variability of significant input parameters may lead to unsafe designs. 
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Table 7.12 SR@95% along interfaces at landfill side slope for different construction stages of 
sensitivity simulations 
StaCce Const6 ConstS Const4 Const3 Const2 Const! 
LondfU/ cases TGM-f1NES 
SSlp250 0.97 0.63 0.43 0.22 0.00 0.00 
GwasteAvg..SSlp 0.95 0.57 0.41 0.19 0.00 0.00 
IntStiffAvg..SSlp 0.96 0.64 0.43 0.21 0.00 0.00 
IntStrgthA vg..SSlp 0.72 0.60 0.44 0.22 0.00 0.00 
EbeamA vg..SS1E 0.97 0.62 0.44 0.22 0.00 0.00 
TGM-NWGT 
SSlp250 0.59 0.45 0.24 0.10 0.00 0.00 
GwasteA vg..SSlp 0.50 0.41 0.24 0.10 0.00 0.00 
IntStiffAvg..SSlp 0.56 0.45 0.24 0.10 0.00 0.00 
IntStrgtbAvg..SSlp 0.49 0.45 0.24 0.10 0.00 0.00 
EbeamA vg..SS1E 0.58 0.45 0.24 0.09 0.00 0.00 
NWGT-COARSE 
SSlp250 0.25 0.09 0.00 0.00 0.00 0.00 
GwasteAvg..SSlp 0.22 0.09 0.00 0.00 0.00 0.00 
IntStiffAvg..SSlp 0.23 0.09 0.00 0.00 0.00 0.00 
IntStrgthAvg..SSlp 0.20 0.08 0.00 0.00 0.00 0.00 
EbeamA vg..SSlp 0.24 0.09 0.00 0.00 0.00 0.00 
.:. Strains in geosynthetics 
It was demonstrated in Figure 7.53 that the variability of geosynthetics tensile moduli 
would affect the magnitude of RSD along the weakest interface. Figure 7.56(a) illustrates RSD 
distributions along TGM-fines interface for Simsl2, 86 and 223, while Figure 7.56(b) shows the 
corresponding strains developed in the TGM. It is observed that with higher magnitude of RSDs 
along the interface, greater strains are observed in the geosynthetics. 
However, it is unclear in Table 7.13 what the relationships is between the values of 
tensile moduli (EroM and ENWGT) and the magnitude of strains in a multi-layered landfill if 
failure occurs below the geosynthetics. For failed realisations (e.g. high RSD), Figure 7.57 
shows that the strains in TGM of 'SSlp250' can be higher or lower than those of 
'EbeamA v/LSSlp' regardless of whether the tensile moduli of TGM in 'SSlp250' are smaller or 
greater than 'EbeamAv/LSSlp' runs. For example, higher tensile strains are developed in the 
geosynthetics for Sims71 and 105 of 'SSlp250' when the assigned ErGM and ENWGT of 
'SSlp250' are lower than of 'EbeamAv/LSSlp' (Table 7.13). However, the relationship of low 
E and hence, high strain may not comply with other failed runs. For example, the strains in the 
geosynthetics in Sims85 and 113 of 'SSlp250' are smaller even when their tensile moduli are 
lower than of 'EbeamAvg_SSlp'. Likewise, Sim223 of 'SSlp250' shows higher strains although 
its ErGM and ENWGT are greater than 'EbeamAv/LSSlp' simulation. These examples illustrate 
that the variability of input parameters and their combinations have resulted in different 
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responses of strains in the lining components and therefore, must be taken into account in 
designs. 
The cumulative probability distributions of tensile strains in NWGT are similar to TGM 
demonstrated in Figure 7.58 because high RSDs have occur along TGM-fines interface which 
forces the geosynthetics above the weakest interface to behave as one entity. The maximum 
tensile strains corresponding to 950/0 probability of occurrence (strain@95%) at different 
construction stages are illustrated in Figure 7.59. It can be observed in the figure that the 
variability of '¥w",,, and interface shear strengths have significant effects on the strain@950/0 at 
construction stage six for a criticallandfill geometry. It is also demonstrated in Table 7.14 that 
accounting for all variability of significant input parameters (e.g. 'SSlp250') would lead to more 
conservative results of higher strain@95% and failure probability of exceeding 10/0, PIEt=1 0/0). 
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Table 7.13 The assigned tensile moduli and the developed strains in the geosynthetics for 
realisations with high RSD along TGM-fines interface at construction stage 6 
Sims 
No 
12 
30 
50 
70 
71 
78 
85 
86 
97 
98 
105 
113 
116 
143 
183 
195 
223 
238 
249 
SSlp250: Const6 EbeamA Vie SSlp: Const6 
ErGM ENWGT c,(TGM) c,(NWGT) EroM ENWGT 
(pa) (Pa) (%) (%) (Pa) (pa) 
1.63E8 2.75E7 3.10 3.35 1.7ge8 2.83e7 
1.97E8 2.09E7 2.57 2.75 1.7ge8 2.83e7 
2.24E8 3.15E7 1.91 1.93 1.7ge8 2.B3e7 
1.66E8 3.13E7 1.74 2.00 1.7ge8 2.B3e7 
1.36E8 2.55E7 5.19 5.27 1.7ge8 2.B3e7 
1.70EB 3.05E7 1.92 1.98 1.7ge8 2.83e7 
lAlE8 2.57E7 2.26 2.26 1.7ge8 2.B3e7 
1.83E8 3.16E7 1.68 1.68 1.7ge8 2.83e7 
1.76E8 2.86E7 2.90 3.05 1.7ge8 2.83e7 
1.40E8 2A9E7 2.22 2.25 1.7ge8 2.B3e7 
l.33E8 2.75E7 2046 2046 1.7ge8 2.83e7 
1.77E8 2.69E7 2.87 3.08 1.7ge8 2.83e7 
I.B7E8 2.69E7 2.53 2.67 1.7ge8 2.83e7 
1.90E8 2.75E7 3.01 3.21 1.7ge8 2.83e7 
1.78E8 2.71E7 4.06 4.18 1.7ge8 2.83e7 
1.4BE8 2.B9E7 3.91 3.92 1.7ge8 2.83e7 
1.9lE8 2.90E7 5.15 5.29 1.7ge8 2.83e7 
1.77E8 3A6E7 4.56 4.60 1.7ge8 2.B3e7 
1.47EB 1.96E7 2.29 2.31 1.7geB 2.B3e7 
95% prob. ojoccurrence 
TGM: Const6 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
Tensile strain (%) 
c,(TGM) Et (NWGT) 
(%) (%) 
3.23 3.41 
2.86 2.96 
1.93 2.07 
2.33 2.52 
5.09 5.00 
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Table 7.14 e.@95%, range of maximum tensile strains of geosynthetic components and the 
probability of exceeding 1 % strain for different construction stages of sensitivity 
simulations 
Tensile strain@95% Min Max Median Pt<EI-I%) 
(%) (%) (%) (%) (%) 
Construction stage 2 3 4 5 6 6 6 6 6 
Landflll cases NWGT 
SSlp250 0.24 0.24 0.22 0.21 0.21 2.30 0.14 5.29 0.17 7.60 
GwasteAv~SSlp 0.21 0.21 0.19 0.20 0.20 1.62 0.14 5.16 0.17 5.20 
IntStiffAv~SSlp 0.22 0.23 0.22 0.21 0.21 2.17 0.14 5.30 0.17 6.00 
IntStrgthA v~SS Ip 0.22 0.23 0.22 0.20 0.20 0.20 0.14 3.34 0.17 0.00 
EbeamA v!kSSIE 0.24 0.24 0.22 0.21 0.20 2.14 0.14 5.00 0.17 7.20 
TGM 
SSIp250 0.16 0.16 0.15 0.15 0.15 2.30 0.10 5.19 0.13 7.60 
GwasteAv~SSlp 0.15 0.15 0.15 0.15 0.16 1.54 0.10 5.03 0.13 5.20 
IntStiffAv~SSlp 0.10 0.16 0.15 0.15 0.15 2.19 0.10 5.30 0.13 6.00 
IntStrgthA v~SSlp 0.10 0.16 0.15 0.14 0.14 0.14 0.10 3.19 0.12 0.00 
EbeamA v!kSSIE 0.16 0.16 0.15 0.15 0.15 2.13 0.10 5.09 0.12 7.20 
7.7 Parametric analyses and discussions 
In this section, the effects of side slope inclinations, waste compressibility and lift 
thickness to the responses of the lining interfaces and components are examined. These 
parameters are not taken as random variables in the simulation because side slope inclinations 
can be accurately determined as discussed in Section 5.3.1, while waste compressibility and lift 
thickness are assigned deterministically so that their effects on lining responses can be clearly 
distinguished. Additionally, little information exist regarding the variability of waste 
compressibility, while waste lift thickness is a construction issue that can be agreed in a contract 
prior to waste filling if the parameter poses serious consequences to the integrity of a lining 
system. The number of realisations in a parametric simulation are limited to 250 runs. 
7.7.1 Number of mechanical timestep for solutions 
Figure 7.60 illustrates the total number of timesteps to achieve equilibrium in the 
numerical landfill models. This type of information can be valuable when critical mechanical 
timestep is used as a criterion to terminate a numerical analysis. It is especially beneficial to 
minimise the time required to complete a series of numerical analysis using Monte Carlo 
approach. 
Without any failure, the timesteps for 250 runs in a simulation are clustered together in a 
band demonstrated in Figure 7.60(a) for 'BaseCase250'. Comparing Figure 7.60(a) and (b), it 
can be observed that a slightly more complicated landfill geometry such as adding a waste slope 
to the landfill would increase the number of timesteps to achieve a solution. Therefore, efforts to 
simplify the geometry of the landfill should be considered prior to running a series of numerical 
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analyses. In Figure 7 .60( d), the normal timesteps are in the range of 4500 to 6000 but 
anormalies of high timesteps are recorded for 19 particular runs, which indicate that failure (i.e. 
high RSD) has occurred. Figure 7.60(g) and (h) illustrate that thick layer of waste lifts require 
less number of timesteps to reach an equilibrium and therefore, have reduced computational 
time when compared to thinner waste lifts. 
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Figure 7.60 Total number of mechanical timesteps recorded at the final construction stage to 
reach equilibrium 
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It was found that the maximum mechanical timesteps to reach equilibrium state, for any 
simulation cases, are no greater than 25% of the minimum values. By carrying out one initial 
numerical realisation, the termination the runs in a simulation can be set at mechanical timesteps 
of 25% greater than the initial realisation. Since any run that exceeds the criteria timestep will 
be terminated early and is considered as failed realisation, it is less time-consuming to complete 
a simulation with possible failed runs (e.g . .'SSlp250'). 
7.7.2 Effects of side slope inclination, waste compressibility and lift thickness 
.:. Relative shear displacements 
Figure 7.61 illustrates the relative shear displacements along the weakest interface for 
simulations with side slope inclinations of 18.4', 21.8' and 26.6'. The RSD distributions for 
'MSlp250' and 'BaseCase250' simulations are equivalent, and all 250 realisations have not 
exceeded displacements of 20 mm. However, when the inclination is increased 5' from base 
case conditions, maximum RSD values in the range of 0.5 to 1.5 m are observed in 'SSlp250'. 
The simulations illustrate. that side slope inclination is a significant parameter which contributes 
to different degree of RSD variability along interfaces. 
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Figure 7.61 Relative shear displacements along the weakest interface for simulations with 
different side slope inclinations 
Figure 7.62 illustrates the RSD distributions along TGM-fines for simulations with waste 
compressibility specified in Section 7.1.3. The 'StiffWaste250' simulation demonstrates 
maximum interface RSD of about 26 mm, while 'SoftWaste250' have recorded maximum RSD 
of no greater than 18 mm. The phenomena of higher displacements associated with stiffer waste 
are also documented by Reddy et al. (1996) and Jones (1999). Since no field data is available, it 
is unclear whether this'behaviour arises from numerical deficiency or a real-world liner 
response. Nevertheless, it further strengthens the needs to consider waste compressibility as a 
random variable in designs especially since the parameter encompasses a wide range of values, 
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with Young's modulus of 500 kPa used by Jones (1999) to 8.0 MPa utilised by Burlingame et 
al. (2007) in their numericallandfill models. 
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Figure 7.62 Relative shear displacements along the weakest interface for simulations with 
different waste compressibility 
Figure 7.63 shows the RSD distributions along TGM·fines interface of 'ThinLift2S0' and 
'Thicklift250' simulations, in which the landfitls are constructed in waste lifts of 2 m and 10 m 
thickness, respectively. The maximum RSDs recorded for 'ThinLift250' and 'Thicklift250' 
simulations are in the range of 10 mm to 17 mm and 13 mm to 22 mm, respectively. In 
comparison to the thickness of the waste lifts, the differences of RSD distributions between both 
simulations are considered small. Therefore, waste lift thickness can be assigned 
deterministically based on current state of practice or through expert consensus as in Section 
5.3.5. 
0.030 0.030 
I ThickUft250 0.025 0.025 
Basal Side slope i E 0.020 Basal E 0.020 I 
~ 
.. ! ~ Cl 0.015 Cl 0.015 
Cl) 
I '" ~ 0.010 ~ 0.010 
0.005 I 0.005 0.000 0.000 
0 50 100 150 200 0 50 100 ISO 200 
TGM.FlNES: Const6 Distance from left boundary (m) 
Figure 7.63 Relative shear displacements along the weakest interface for simulations with 
different waste lift thickness 
.:. . Strength reductions along landfiU side slope interfaces 
The strength reduction (SR) along interfaces at side slope for construction stage 6 of 
different parametric simulations are illustrated in Figure 7.64. The curves to the left of 
'BaseCase2S0' indicate lower strength mobilisations and hence, higher post-peak strengths are 
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still available along the interfaces. Likewise. the curves to the right of the dark bold continuous 
line imply that the interfaces of the simulations have lower post-peak strengths compare to base 
case conditions. 
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Figure 7.64 Cumulative probability distributions of SR along (a) TGM-fmes. (b) TGM-NWGT. 
and (c) NWGT -coarse side slope interfaces of parametric simulations at 
construction stage 6 
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In Figure 7.64(a), 'MSlpZ50', 'SoftWasteZ50' and 'ThinLiftZ50' are simulations that 
have post-peak shear strengths along TGM-fines interface greater than 'BaseCaseZ50'. 
However, these outcomes are not consistent along TGM-NWGT and NWGT -coarse interfaces, 
which illustrate that the stress-transfer mechanism from 'top-down' in multi-layered lining 
system are indeed complex. Except for 'SSlpZ50' simulation, the shear strength along TGM-
NWGT and NWGT-coarse have not surpassed 0.5 and 0.3 SR, respectively. 
The progressive mobilisation of post-peak shear strengths with construction stages along 
side slope interfaces are depicted using SR@95% in Figure 7.65, while their numeric 
equivalents are summarised in Table 7.15. Most of the simulations except 'SoftWasteZ50' and 
'ThinLiftZ50' have initiated post-peak shear strengths along TGM-fines after construction stage 
2. The interfaces. except NWGT-coarse, of 'SSlpZ50' simulation mobilise highest SR@95% at 
almost every construction stages. It is also noted that there are sharp decreases of shear 
strengths along the three interfaces of 'ThickLiftZ50' simulation for landfiII heights of ZO m 
onwards, while 'ThinLift250' simulation has only initiated post-peak strengths at this stage. 
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Figure 7.65 Strain@95% along (a) TGM·fines, (b) TGM-NWGT, and (c) NWGT-coarse side 
slope interfaces of parametric simulations with landfill initial constructed height 
Table 7.15 SR@95% along interfaces at landfill side slope for different construction stages of 
parametric simulations 
Planned hei£ht 30m 25m 20m I5m !Om 5rn 
Landjill cases TGM-FINES 
BaseCase250 0.60 0.47 0.28 0.10 0.00 0.00 
SSIp250 0.97 0.63 0.43 0.22 0.00 0.00 
MSlp250 0.54 0.39 0.21 0.07 0.00 0.00 
Stiftwaste250 0.74 0.62 0.45 0.20 0.00 0.00 
SoftWaste250 0.50 0.34 0.14 0.00 0.00 0.00 
ThickLift250 0.70 0.23 0.00 
ThinLift250 0.50 0.00 0.00 
TGM-NWGT 
BaseCase250 0.46 0.24 0.21 0.08 0.00 0.00 
SSIp250 0.59 0.45 0.24 0.10 0.00 0.00 
MSlp250 0.25 0.23 0.09 0.00 0.00 0.00 
Stiftwaste250 0.47 0.25 0.21 0.07 0.00 0.00 
SoftWaste250 0.45 0.24 0.13 0.03 0.00 0.00 
ThickLift250 0.45 0.10 0.00 
ThinLift250 0.47 0.00 0.00 
NWGT·COARSE 
BaseCase250 0.09 0.00 0.00 0.00 0.00 0.00 
SSIp250 0.25 0.09 0.00 0.00 0.00 0.00 
MSlp250 0.26 0.00 0.00 0.00 0.00 0.00 
Stiftw aste250 0.08 0.00 0.00 0.00 0.00 0.00 
SoftWaste250 0.17 0.07 0.00 0.00 0.00 0.00 
ThickLift250 0.08 0.00 0.00 
ThinLift250 0.24 0.00 0.00 
It has been demonstrated in Figure 7.65 and Table 7.15 that more severe and thus, higher 
SR@95%, occurred for steeper side slope, stiffer waste and thicker waste lift. In all simulation 
cases except 'SSlp250', the SR values corresponding to 95% probability of occurrence (which 
also imply 95% of confidence level) have not exceeded 75%, 50% and 30% along TGM-fines, 
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TGN-NWGT and NWGT-coarse interfaces. These SR@95% along the side slope and base may 
be utilised to evaluate the available interface shear strengths in limit equilibrium (LE) analysis 
to obtain a more accurate global factor of safety of the landfill design as discussed below . 
• :. Strength reductions along landfill basal interfaces 
Table 7.16 summarises SR@95% along the basal interfaces. In most simulation cases, 
pre-peak or high post-peak shear strengths are still available along the basal interfaces. Unlike 
side slope interfaces, post-peak shear strengths are only initiated at the final construction stage . 
even for the more critical simulation of 'SSlp250'. By taking into account the variability 
associated with the input parameters, the results have substantiated the common practice of 
utilising peak shear strengths along the basal interfaces of a shallow-sloped landfill. 
Nevertheless, cautious estimate is necessary for a steep side slope landfill as it is shown that 
95% of the runs have mobilised SR of 0.53 along the weakest interface, even when the slope of 
26.6° are relatively mild when compare to the ones found at valley landfill. 
Table 7.16 SR@95% along basal interfaces for different construction stages of parametric 
simulations 
Planned height 30m 25m 20m 15 m !Om 5m 
LandfiU cases TGM-FlNES 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
SSlp250 0.53 0.00 0.00 0.00 0.00 0.00 
MSlp250 0.00 0.00 0.00 0.00 0.00 0.00 
StiffW aste250 0.07 0.00 0.00 0.00 0.00 0.00 
SoftWaste250 0.00 0.00 0.00 0.00 0.00 0.00 
ThickLift250 0.00 0.00 0.00 
ThinLift250 0.00 0.00 0.00 
TGM-NWGT 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
SSlp250 0.12 0.00 0.00 0.00 0.00 0.00 
MSlp250 0.00 0.00 0.00 0.00 0.00 0.00 
StiffW aste250 0.02 0.00 0.00 0.00 0.00 0.00 
SoftWaste250 0.00 0.00 0.00 0.00 0.00 0.00 
ThickLift250 0.00 0.00 0.00 
ThinLift250 0.00 0.00 0.00 
NWGT-COARSE 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
SSlp250 0.00 0.00 0.00 0.00 0.00 0.00 
MSlp250 0.19 0.00 0.00 0.00 0.00 0.00 
StiffWaste250 0.00 0.00 0.00 0.00 0.00 0.00 
SoftWaste250 0.00 0.00 0.00 0.00 0.00 0.00 
ThickLift250 0.00 0.00 0.00 
ThinLift250 0.14 0.00 0.00 
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.:. Average interface shear strength for LE design 
It has to be highlighted that the SR@95% presented in the previous sections correspond 
to a length fraction (Lt) of 1.0. Lt is defined as a fraction of interface length along the slope or 
base and therefore, a Lt of 0.5 indicates 50% of the total slope or base lengths. Therefore, the 
SR@95% values discussed in previous sections only informs about the maximum strength 
. reduction that has occurred, or the minimum shear strength that is still available along the total 
length of the side slope or base (Lt of 1.0) for 95% of the realisations. It does not give any 
information on the percentages of shear strengths mobilised along the liner, which are useful to 
compute the average shear strength ('!",vg) for LE design (Jones, 1999; McGrath et al., 2002) as 
follows: 
(7.7) 
where ti is the mobilised shear strength along a fraction of slope or basal length (4) and LI. Lt. is 
the diference of length fraction for ti and ti+l' By substituting Equation (7.1) into Equation (7.7), 
t,vg can be rewritten as follows: 
Tavg 
L~Tp -SRi(Tp -TW)]M,fi} 
LLfi 
(7.8) 
Examples of SR probability distributions for different length fractions along the 
interfaces at the side slope of 'BaseCase250' simulation are shown in Figure 7.66. Figure 7.67 
illustrates SR values corresponding to 95% probability of occurrence for different parametric 
simulations at construction stage 6, which are interpolated from Figure 7.66. A flat or mild 
gradient in Figure 7.67 suggests a uniform shear strength, while steep gradients indicate high 
spatial variability of shear strengths along the length of the side slope or base. The numeric 
values to contruct Figure 7.67 is summarised in Table 7.17. 
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Figure 7.67 SR@95% values corresponding to different length fractions along (a) TGM-fines. 
(b) TGM-NWGT. and (c) NWGT-coarse interfaces at landfill side slope after final 
construction stage 
Table 7.17 SR@95% along interfaces at landfill side slope for different length fractions of 
parametric simulations (const6) 
cases 
BaseCase250 0.23 .0.28 0.40 0.47 0.48 0.53 0.54 0.58 0.58 0.58 0.60 
SSlp250 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
MSlp250 0.12 0.21 0.28 0.33 0.43 0.44 0.46 0.48 0.49 0.49 0.54 
StiffWaste250 0.42 0.46 0.54 0.60 0.61 0.69 0.70 0.72 0.73 0.74 0.74 
SoftWaste250 0.09 0.14 0.22 0.24 0.29 0.41 0.42 0.44 0.45 0.47 0.50 
ThickLift250 0.28 0.38 0.41 0.46 0.49 0.58 0.58 0.61 0.64 0.69 0.70 
ThinLift250 0.10 0.18 0.21 0.24 0.32 0.43 0.45 0.48 0.49 0.50 0.50 
TGM·NWGT 
BaseCase250 0.09 0.16 0.21 0.24 0.24 0.38 0.41 0.42 0.44 0.46 0.46 
SS1p250 0.48 0.51 0.51 0.53 0.53 0.54 0.55 0.57 0.58 0.59 0.59 
MS1p250 0.06 0.09 0.19 0.21 0.23 0.24 0.24 0.24 0.24 0.24 0.25 
StiffWaste250 0.10 0.20 0.22 0.24 0.24 0.33 0.39 0.43 0.44 0.47 0.47 
SoftWaste250 0.08 0.09 0.10 0.19 0.23 0.24 0.24 0.24 0.25 0.41 0.45 
ThickLift250 0.08 0.09 0.10 0.23 0.23 0.24 0.25 0.33 0.38 0.44 0.45 
ThinLift250 0.09 0.16 0.20 0.24 0.24 0.24 0.36 0.43 0.44 0.46 0.47 
NWGT-COARSE 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.05 0.07 0.08 0.08 0.09 0.09 
SS1p250 0.11 0.16 0.18 0.18 0.19 0.21 0.21 0.21 0.23 0.24 0.25 
MS1p250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,0\ 0.26 
StiffW aste250 0.00 0.00 0.00 0.00 0.00 0.00 0,02 0.06 0.07 0.07 0.08 
SoftWaste250 0.00 0.00 0.00 0.00 0.02 0.05 0.07 0.08 0.09 0.09 0.17 
ThickLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.06 0.07 0.08 
ThinLift250 0.00 0.00 0.00 0.05 0.08 0.09 0.09 0.09 0.10 0.14 0.24 
Assuming fhat fhe peak and large displacement shear strengfhs are calculated based on 
Coulomb failure envelopes using the mean friction angles and adhesions given in Section 7.1.2 
at an applied normal stress of 200 kPa. the mobilised shear strengths ('ti) computed from 
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SR@95% corresponding to Le of 1.0 and 95% probability of occurrence at final construction 
stage are summarised in Table 7.18. For comparison, 'tovg computed using Equation (7.8) from 
the average of different SR values corresponding to various length fractions presented in Table 
7.17, are also tabulated in Table 7.18. An example of 'tavg computation is given below for 
BaseCase250' : 
'tavg 
= ",[8'-'.0_-...:.0...:..2,-3 *.:..:(""80,--_4--,5,,,,)1,-* __ 0._5 _+=-[8_0_-_0._28_*....:(8_0_-:-4:-5"')1_* 0'-.0.:.,:5_+--' .. --' .....:.  +-.:["-80,--_0,-.6",0...:.*...:.(8...:.0_-_4",5),,,,1 *_0"':"0 __ 5
1.0 
= 67.2 kPa 
Table 7.18 Interface shear strengths for design using SR@95% corresponding to Lt of 1.0, and 
the mobilised strengths from different length fractions at landfill side slope 
corresponding to 95% probability of occurrence 
t, SR@95%ofLF1.0 'tavg AverageSR@95% ~t 
(kPa) (-) (kPa) (-) (%) 
Landflll cases TOM-FINES: tp = 80.0 kPa; till = 45.0 kPa 
BaseCase250 59.15 0.60 67.21 0.37 23.0 
SS1p250 46.15 0.97 46.15 0.97 0.0 
MSlp250 61.04 0.54 70.68 0.27 27.5 
Stiftwaste250 54.07 0.74 61.16 0.54 20.3 
SoftWaste250 62.57 0.50 72.14 0.22 27.4 
ThickLift250 55.48 0.70 65.48 0.41 28.6 
ThinLift250 62.56 0.50 71.67 0.24 26.0 
TOM-NWOT: 'to = 101.3 kPa; tLD = 46.2 kPa 
BaseCase250 75.80 0.46 89.30 0.22 24.5 
SS1p250 69.01 0.59 72.91 0.52 7.1 
MSlp250 87.69 0.25 93.82 0.14 11.1 
Stiftwaste250 75.17 0.47 89.17 0.22 25.4 
SoftWaste250 76.72 0.45 92.33 0.16 28.3 
ThickLift250 76.72 0.45 91.46 0.18 26.7 
ThinLift250 75.47 0.47 89.86 0.21 26.1 
NWOT-COARSE: 'to = 136.9 kPa; till = 113.6 kPa 
BaseCase250 134.74 0.09 136.35 0.02 6.9 
SS1p250 131.13 0.25 133.22 0.16 9.0 
MSlp250 130.78 0.26 136.58 om 24.9 
Stiftw aste250 135.12 0.08 136.55 om 6.1 
SoftWaste250 132.93 0.17 136.22 0.03 14.1 
ThickLift250 135.04 0.08 136.62 0.01 6.8 
ThinLift250 131.24 0.24 135.88 0.04 19.9 
The average available shear strengths computed from different length fractions using 
Equations (7.7) or (7.8) are less conservative than 't, calculated from SR@95% corresponding to 
Le of 1.0 alone, and thus is more appealing in term of material cost-saving. The discrepancy (t,'t) 
of mobilised shear strengths between both approaches can reach up to 29% of the difference 
between 'tp and 'till. Additionally, it is also observed in Table 7.18 that the interface shear 
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strengths obtained using both approaches have yielded the same value along TGM-fines 
interface in 'SSlp250' simulations. which indicates fhat a large portion of side slope lengfh 
along the weakest interface has achieved large displacement shear strength. 
Likewise. the strengths that are still available along the basal interfaces can be computed 
using SR and Lr values summarised in Table 7.19. It is demonstrated in Table 7.20 that 't"g have 
not exceeded SR of 5% along basal interfaces in any parametric simulation cases. However. the 
highest discrepancy (6.'t) of the mobilised strengfh along TGM-fines interface computed using 
both approaches are 47.3 % of the difference between 'tp and 'tLD. Therefore. reducing peak 
interface shear strength to SR of 0.53 along this basal interface may be over conservative. 1n 
summary. it is logical to assign peak interface shear strengths along interfaces on the base as 
relatively low RSDs (e.g. SR= 0) would occur. 
Table 7.19 SR@95% along interfaces at landfill base for different lengfh fractions of 
parametric simulations (const6) 
Length ([action, L( 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 
Landfill cases TOM-FINES 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SSIp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 
MSlp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
StiffW aste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.07 0.07 
SoftWaste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ThickLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ThinLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOM-NWOT 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SSIp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.12 
MSlp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.13 
StiffWaste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SoftWaste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 
ThickLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ThinLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NWOT-COARSE 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SSIp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MSlp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.19 
StiffWaste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SoftWaste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ThickLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ThinLift250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.14 
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Table 7.20 Interface shear strengths for design using SR@95% corresponding to Lt of 1.0, and 
the mobilised strengths from different length fractions along basal interfaces 
corresponding to 95% probability of occurrence 
t, SR@95%ofL,=1.0 'ravg Average SR@95% 8t 
(kPa) (-) (kPa) (-) (%) 
LandfiU cases TGM-FINES: !. = 80.0 kPa: tLO = 45.0 kPa 
BaseCase250 80.00 0.00 80.00 0.00 0.0 
SSIp250 61.63 0.53 78.16 0.05 47.3 
MSlp250 80.00 0.00 80.00 0.00 0.0 
StiffWaste250 77.64 0.07 79.64 om 5.7 
SoftWaste250 80.00 0.00 80.00 0.00 0.0 
ThickLift250 80.00 0.00 80.00 0.00 0.0 
ThinLift250 80.00 0.00 80.00 0.00 0.0 
TGM-NWGT: !. = 101.3 kPa; tLD = 46.2 kPa 
BaseCase250 101.30 0.00 101.30 0.00 0.0 
SSIp250 94.76 0.12 100.65 om 10.7 
MSlp250 101.30 0.00 101.30 0.00 0.0 
StiffWaste250 100.38 0.02 101.21 0.00 1.5 
SoftWaste250 101.30 0.00 101.30 0.00 0.0 
ThickLift250 101.30 0.00 101.30 0.00 0.0 
ThinLift250 101.30 0.00 101.30 0.00 0.0 
NWGT-COARSE: tu = 136.9 kPa; tLD = 113.6 kPa 
BaseCase250 136.90 0.00 136.90 0.00 0.0 
SSIp250 136.90 0.00 136.90 0.00 0.0 
MSlp250 132.50 0.19 136.46 0.02 17.0 
StiffWaste250 136.90 0.00 136.90 0.00 0.0 
SoftWaste250 136.90 0.00 136.90 0.00 0.0 
ThickLift250 136.90 0.00 136.90 0.00 0.0 
ThinLift250 133.63 0.14 136.57 0.01 12.6 
.:. Strains in geosynthetics 
Most of the tensile strains (Et) in geosynthetic components from the parametric 
simulations, except for landfills with 26.6° side slope inclinations, are localised (Figure 7.44) 
because no slippage are observed to occur along the weakest interface. Therefore, the tensile 
strains corresponding to 95% of occurrence (strain@95%) for these simulations at construction 
stage six are in the the range of 0.10% to 0.24% and 0.05% to 0.16% for NWGT and TGM, 
respectively. These relatively small strain values are consistent with the results obtained by 
Meipner and Abel (2000) for similar two dimensional landfill geometry with the axis of 
symmetry at the left boundary of the model and side slope inclinations no greater than 22°. 
Figure 7.68 illustrates that the variability of maximum Et increases with steeper side slope 
inclinations. This outcome is deduced by observing that a flat dumbbell-shaped histogram 
portrays a larger variability (in terms of standard deviation) than a sharp dumbbell-shaped 
histogram. It is not possible to plot an accurate histogram which depicts the distribution of 
maximum Et for 'SSlp250' simulation because high tensile strains due to failed runs have 
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distorted it. Figure 7.69 shows histograms of maximum tensile strains for the 250 runs of 
simulations with different waste compressibility. It can be observed visually that the variability 
of maximum Et increases with the decrease of waste stiffness although the same degrees of 
variability are applied to the input parameters. Higher settlements within the waste mass may 
have contributed to greater uncertainty in the maximum Et in the geosynthetics. Similarly, the 
higher variability of maximum Et is associated with a thinner waste lift in Figure 7.70. The plots 
of histograms have demonstrated that a deterministically assigned side slope inclication, waste 
compressibility and lift thickness can also affect the degree of variability of the maximum Et. 
The variability of maximum Et are more severe for a steep side slope, a soft waste and a thin 
waste lift. 
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Figure 7,70 Comparison of maximum tensile strain histograms between landfills with different 
waste lift thickness 
For steep landfill side slopes such as valley landfills, there is a high probability of 
geosynthetic components being subjected to strains greater than the allowable 3% for long·term 
conditions. Even for a side slope of 26.6° investigated in this study, the probabilities of 
exceeding 1 % strain, which is considered as the failure criteria for waste loading, can be 
regarded as high. Both probabilities of failure for strains, Pt<Et=l%), in TGM and NWGT of 
'SSlp250' simulation are 7.6xIO·2, while the maximum strains have exceeded 5% (Table 7.21). 
For such landfill, modification such as reinforcement components are required to ensure long-
term integrity of the lining system. 
Table 7.21 e,@95%, range of maximum tensile strains of geosynthetic components and the 
probability of exceeding 1 % strain for different construction stages of parametric 
simulations 
Tensile strain@95% Min Max Median P'(e.=1 %) 
(%) (%) (%) (%) (%) 
Construction stage 1 2 3 4 5 6 6 6 6 6 
Landf'dl cases NWOT 
BaseCaseZ50 0.15 0.15 0.14 0.14 0.14 0.14 0.08 0.16 0.12 0.00 
SSJpZ50 0.Z4 0.24 0.22 O.ZI 0.21 2.30 0.14 5.Z9 0.17 7.60 
MSJp250 0.10 0.10 0.10 0.10 0.10 0.10 0.07 0.14 0.08 0.00 
Stiftw aste250 0.13 0.13 0.11 0.11 0.11 0.11 0.08 0.12 0.10 0.00 
SoftWaste250 0.19 0.17 0.17 0.17 0.16 0.16 0.07 0.18 0.l3 0.00 
ThickLift250 0.14 0.24 0.13 0.09 0.15 0.11 0.00 
ThinLift250 0.17 0.14 0.12 0.07 0.14 0.10 0.00 
TOM 
BaseCase250 0.09 0.09 0.10 0.11 0.10 0.10 0.06 0.11 0.09 0.00 
SSIp250 0.16 0.16 0.15 0.15 0.15 2.30 0.10 5.19 0.13 7.60 
MSlp250 0.05 0.05 0.05 . 0.06 0.07 0.07 0.05 0.10 0.06 0.00 
Stiftwaste250 0.05 0.08 0.09 0.09 0.09 0.09 0.06 0.10 0.08 0.00 
SoftWaste250 0.10 0.09 0.09 0.09 0.09 0.09 0.03 0.10 0.07 0.00 
ThickLift250 0.09 0.16 0.09 0.07 0.10 0.08 0.00 
ThinLift250 0.07 0.07 0.09 0.04 0.10 0.06 0.00 
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7.7.3 Comparison of lining responses between a cell and a closed landfill 
A landfill cell represents a temporary condition that may occur during filling, and 
typically are used (Reddy et a/., 1996; Jones, 1999; Filz et al., 2001) to evaluate the mobilised 
shear strengths along interfaces for limit eqUilibrium (LE) stability analysis. In this study, the 
difference in responses of the liner in a closed landfill and a landfill cell are compared to 
examine whether the degree of mobilised interface shear strengths and strains in geosynthetics 
for a temporary geometry are similar to a completed landfill. The landfill cell with the waste 
slope inclination of 18.4° and basal length of 110 m, used in this study, is shown in Figure 7.71. 
The three landfill cells considered are a base case condition ('cell_BaseCase250'), a steep side 
slope inclination ('Cell_SSlp250') and a stiff waste body ('CeILStiffWaste250'). 
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Figure 7.71 Geometry of a landfill cell with side slope of 21.8° and waste slope of 18.4° used in 
'Cell_BaseCase250' simulation 
.:. Relative shear dispiacements 
Figure 7.72 illustrates the RSD distributions along TGM-fines interface for a closed 
landfill and a landfill cell with base case conditions. Distinctly higher RSD distributions can be 
observed along the basal interface, and near the vicinity of the toe slope of 'Cell..J3aseCase250' 
simulation. Additionally, the maximum RSD for a landfill cell, range from 15 mm to 25 mm, 
which is about 5 mm greater than a closed landfill. 
Similarly, Figure 7.73 shows the RSD distributions of steeper side slope landfills. In the 
closed landfill, 19 runs have high RSD, while in a landfill cell, 60 of 250 realisations have 
exceeded RSD of 0.4 m. This demonstrates that a landfill cell poses a more critical probability 
of failure than a closed landfilI with side slope inclinations of 26.6°. The greater number of runs 
with high RSDs in a landfill cell may be attributed to the free external boundary of the waste 
slope that exacerbates greater movements within the waste mass, and hence, transmits higher 
displacements along the interfaces. 
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Figure 7.73 Comparisons of RSD distributions between a closed landfill and a laridfill cell with 
'SSlp' conditions 
Likewise to the previous two cases, a landfill cell of stiff waste conditions yields slightly 
higher maximum RSD than a closed landfill (Figure 7.74). The maximum RSD for 
'StiffWaste250' and 'Cell_StiffWaste250' range from 15 mm to 27 mm and 14 mm to 28 mm, 
respectively. For stiff waste conditions, low settlements occur within the waste mass and 
therefore, the existence of a free external waste boundary has little impact on the RSD along the 
interface. Therefore, the differences of RSD distributions between both types of landfills are 
more pronounced with less stiff waste conditions (Figure 7.72) as the free waste boundary 
results in greater movements within the waste mass. Finally, the comparisons between a closed 
landfill and a landfill cell in this section have illustrated that the later geometry produces higher 
RSD distributions and hence, imposes greater strength mobilisation along the interfaces. 
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Figure 7.74 Comparisons ofRSD distributions between a closed landfill and a landfill cell with 
'StiffWaste' conditions (side slope of 21.8°) 
.:. Strength reductions along landfill side slope interfaces 
Figure 7.75 shows the RSD cumulative probability distributions for landfill cells and also 
for closed landfills. Except for the landfill with stiff waste condition, the RSD probability 
distributions for landfill cells are situated to the right of their closed landfills, which indicate 
higher strength reductions have occurred along TGM·fines, TGM·NWGT and NWGT·coarse 
interfaces. As explained in the previous sub·section, the difference between a closed landfill and 
a landfill cell with stiff waste condition are insignificant since the addition of a waste slope does 
not result in higher settlement within a stiff waste body. 
In conjunction with higher RSD along the interfaces, the majority of SR@95% values for 
landfill cells at each construction stage are also greater than their closed landfills. In Table 7.22, 
the SR@95% for all cases except steep side slope inclination landfills, have not exceeded 75%. 
Therefore, adopting large displacement interface shear strengths for these landfill cells except 
'Cell_SSlp250' is conservative. 
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Figure 7.75 Cumulative probability distributions of SR along Ca) TGM-fines. Cb) TGM-NWGT. 
and (c) NWGT-coarse side slope interfaces of cell and closed landfills at 
construction stage 6 
.:. Strength reductions along landfill basal interfaces 
It has been widely documented in the literature that interfaces at the base of landfills are 
subjected to low RSDs and thus. 'tp is normally assigned to these interfaces. However. there is a 
high possibility that 5% of the realisations would definitely mobilise SR of 0.96 (close to 'tUJ) 
along TGM-fines interface of 'CeICSSlp250' landfill (Table 7.23). In this case. applying peak 
interface shear strength along the weakest interface at the base of the landfill for LE stability 
analysis may lead to a false high factor of safety against sliding (i.e. unconservative design). 
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Table 7.22 SR@95% along interfaces at landfill side slope for different construction stages of 
cell and closed landfills 
Planned height 30m 25m 20m 15 m !Om 5m 
Landfill cases TGM-F1NES 
BaseCase250 0.60 0.47 0.28 0.10 0.00 0.00 
SSIp250 0.97 0.63 0.43 0.22 0.00 0.00 
StiffW aste250 0.74 0.62 0.45 0.20 0.00 0.00 
Cell_BaseCase250 0.73 0.64 0.46 0.20 0.00 0.00 
CelCSSlp250 0.99 0.96 0.63 0.33 0.06 0.00 
Cell StiffW aste250 0.74 0.66 0.47 0.20 0.00 0.00 
TGM-NWGT 
BaseCase250 0.46 0.24 0.21 0.08 0.00 0.00 
SSlp250 0.59 0.45 0.24 0.10 0.00 0.00 
StiffWaste250 0.47 0.25 0.21 0.07 0.00 0.00 
Cell_BaseCase250 0.48 0.29 0.23 0.D9 0.00 0.00 
CelCSSlp250 0.70 0.49 0.24 0.10 0.00 0.00 
Cell StiffWaste250 0.47 0.25 0.19 0.05 0.00 0.00 
NWGT-COARSE 
BaseCase250 0.09 0.00 0.00 0.00 0.00 0.00 
SSlp250 0.25 0.09 0.00 0.00 0.00 0.00 
StiffW aste250 0.08 0.00 0.00 0.00 0.00 0.00 
CelCBaseCase250 0.09 0.00 0.00 0.00 0.00 0.00 
CelCSSlp250 0.51 0.11 0.00 0.00 0.00 0.00 
Cell StiffW aste250 0.25 0.00 0.00 0.00 0.00 0.00 
Table 7.23 SR@95% along basal interfaces for different construction stages of cell and closed 
landfills 
Planned hei/rht 30m 25m 20m 15 m IOm 5m 
Landfill cases TGM-F1NES 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
SSIp250 0.53 0.00 0.00 0.00 0.00 0.00 
StiffW aste250 0.07 0.00 0.00 0.00 0.00 0.00 
Cell_BaseCase250 0.02 0.00 0.00 0.00 0.00 0.00 
Cell_SSlp250 0.96 0.13 0.00 0.00 0.00 0.00 
Cell StiffW aste250 0.09 0.00 0.00 ·0.00 0.00 0.00 
TGM-NWGT 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
SSlp250 0.12 0.00 0.00 0.00 0.00 0.00 
StiffW aste250 0.02 0.00 0.00 0.00 0.00 0.00 
Cell_BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
CelCSSlp250 0.26 0.00 0.00 0.00 0.00 0.00 
Cell StiffWaste250 0.03 0.00 0.00 0.00 0.00 0.00 
NWGT-COARSE 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
SSlp250 0.00 0.00 0.00 0.00 0.00 0.00 
StiffW aste250 0.00 0.00 0.00 0.00 0.00 0.00 
CelCBaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 
Cell_SSlp250 0.04 0.00 0.00 0.00 0.00 0.00 
Cell StiffWaste250 0.09 0.00 0.00 0.00 0.00 0.00 
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.:. Average interface shear strength for LE design 
In comparison to closed landfills, interfaces of landfill cells experience higher RSD and 
thus, have higher SR@95% values at every length fractions along the side slope as summarised 
in Table 7.24. Figure 7.76 shows that SR@95% along the interfaces of 'Cell_BaseCase250' and 
'Cell_StiffWaste250' simulations are consistent for 75% to 85% of the side slope lengths, while 
their closed landfill counterparts show gradual increase of SR@95% with lengths. However, 
Table 7.25 demonstrates that the strength mobilisations along TGM-fines interface between a 
cell and a closed landfill have only resulted in differences of T.vg of less than 3 kPa. 
Additionally, it can be observed in Table 7.25 that the average SR@95% values using Toyg are 
significantly lower than SR@95% corresponding to Lr of 1.0. Therefore, utilising an average 
SR@95% yields higher post-peak shear strengths that produce greater factor of safety in LE 
anaysis, which is a desirable result for a practitioner. 
For 'Cell_SSlp250' simulation, Figure 7.76 shows that the total side slope length of 
TGM-fines, TGM-NWGT and NWGT-coarse have mobilised consistent SR@95% values of 
about 0.99,0.69 and 0.41, respectively. Therefore, the interface shear strengths computed using 
SR@95% corresponding to Lr of 1.0, and various SR@95% corresponding to different Lr values 
are similar, as tabulated in Table 7.25. 
Table 7.24 SR@95% along interfaces at landfill side slope for different length fractions of cell 
and closed landfills (const6) 
Length fraction, L[ 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 
Landfill cases TGM-FJNES 
BaseCase250 0.23 0.28 0.40 0.47 0.48 0.53 0.54 0.58 0.58 0.58 0.60 
SSIp250 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
StiffW aste250 0.42 0.46 0.54 0.60 0.61 0.69 0.70 0.72 0.73 0.74 0.74 
Cell_BaseCase250 0.37 0.37 0.37 0.37 0.37 0.37 0.39 0.57 0.69 0.72 0.73 
Cell_SSlp250 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
Cell StiffWaste250 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.60 0.72 0.73 0.74 
TGM-NWGT 
Ba~eCase250 0.09 0.16 0.21 0.24 0.24 0.38 0.41 0.42 0.44 0.46 0.46 
SSIp250 0.48 0.51 0.51 0.53 0.53 0.54 0.55 0.57 0.58 0.59 0.59 
StiffW aste250 0.10 0.20 0.22 0.24 0.24 0.33 0.39 0.43 0.44 0.47 0.47 
Cell_BaseCase250 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.23 0.29 0.45 0.48 
Cell_SSlp250 0.68 0.69 0.69 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Cell StiffW aste250 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.25 0040 0.45 0.47 
NWGT-COARSE 
BaseCase250 0.00 0.00 0.00 0.00 0.00 0.05 0.07 0.08 0.08 0.09 0.09 
SSIp250 0.11 0.16 0.18 0.18 0.19 0.21 0.21 0.21 0.23 0.24 0.25 
StiffWaste250 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.06 0.07 0.07 0.08 
Cell_BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.08 0.09 
CelUSlp250 0.26 0.36 0.36 0.39 0.40 0.42 0.43 0.43 0.44 0.47 0.51 
Cell StiffW aste250 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.17 0.25 
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Figure 7.76 SR@95% values corresponding to different length fractions along (a) TGM-fines, 
(b) TGM-NWGT, and (c) NWGT-coarse interfaces at landfill side slope of closed 
landfills and landfill cells after final construction stage 
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Table 7.25 Interface shear strengths for closed and landfill cell designs using SR@95% 
corresponding to Le of 1.0, and the mobilised strengths from different length 
fractions at landfilI side slope corresponding to 95% probability of occurrence 
't; SR@95%ofLF1.0 'ravg Average SR@95% 8't 
(kPa) (-) (kPa) (-) (%) 
Landfill cases TGM-FINES: 'tu - 80.0 kPa; 'tLD = 45.0 kPa 
BaseCase250 59.15 0.60 67.21 0.37 23.0 
SSlp250 46.15 0.97 46.15 0.97 0.0 
StiffWaste250 54.07 0.74 61.16 0.54 20.3 
Cell_BaseCase250 54.33 0.73 64.88 0.43 30.2 
Cell_SSlp250 45.36 0.99 45.36 0.99 0.0 
Cell StiffWaste250 53.99 0.74 61.28 0.53 20.8 
TGM-NWGT: 'tu = 101.3 kPa; 'tLD = 46.2 kPa 
BaseCase250 75.80 0.46 89.30 0.22 24.5 
SSIp250 69.01 0.59 72.91 0.52 7.1 
StiffWaste250 75.17 0.47 89.17 0.22 25.4 
Cell_BaseCase250 74.87 0.48 90.23 0.20 27.9 
Cell_SS1p250 62.51 0.70 63.42 0.69 1.7 
Cell StiffWaste250 75.47 0.47 86.37 0.27 19.8 
NWGT-COARSE: 't, = 136.9 kPa; 'tLD = 113.6 kPa 
BaseCase250 134.74 0.09 136.35 0.02 6.9 
SSIp250 131.13 0.25 133.22 0.16 9.0 
StiffW aste250 135.12 0.08 136.55 0.01 6.1 
Cell_BaseCase250 134.79 0.09 136.69 om 8.1 
Ce1CSSlp250 125.03 0.51 128.99 0.34 17.0 
Cell StiffW aste250 131.17 0.25 133.07 0.16 8.1 
Based on Equation (7.8) using required values presented in Table 7.26, 'tavg along the 
interfaces at the base of the closed landfills and landfill cells are summarised in Table 7.27. In 
contrast to side slope interfaces, the SR@95% values along the total length of basal interfaces 
for 'Cell_BaseCase250' and 'Cell_StiffWaste_250' simulations are similar. Therefore, 'tovg in 
Table 7.27 for both simulations are equivalent to the mobilised shear strengths calculated from 
SR@95% corresponding to Le of 1.0. Conversely, the SR@95% values along the total length of 
basal interfaces for 'Cell_SSlp250' are not uniform, in which approximately 10% of the TGM-
fines interface (i.e. 8Lr of 0.1) has attained SR of 0.96, while the remaining length (i.e. 8Lr of 
0.9) has SR of no greater than 0.21. Consequently, 'tavg calculated using Equation (7.8) differs 
significantly from '1"; computed using SR@95% corresponding to Le of 1.0. The non-uniformity 
of SR@95% is also observed along TGM-NWGT and NWGT-coarse interfaces of 
'Cell_SSlp250' simulation. 
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Table 7.26 SR@95% along interfaces at landfill base for different length fractions of cell and 
closed landfills (const6) 
cases 
BaseCase250 0.00 0.00 0.00 
SSJp250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 
StiffW aste250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.07 0.07 
Cell_BaseCase250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.Q2 0.02 
CelCSSlp250 0.00 0,06 0,06 0.08 0,08 0.08 0,08 0.21 0,21 0.96 0,96 
Cell StiffWaste250 0.00 0,06 0,06 0,06 0,06 0,07 0,07 0.08 0.08 0,09 0.09 
TGM-NWGT 
BaseCase250 0,00 0.00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 
SSlp250 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,12 0.12 
StiffW aste250 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.02 0.02 
CeJCBaseCase250 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 
Cell_SSlp250 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.07 0.Q7 0.26 0,26 
Cell Stiftwaste250 0.00 0.00 0,00 0,00 0,00 0,00 0,00 0.00 0.00 0.03 0.03 
NWGT-COARSE 
BaseCase250 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 
SSJp250 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 
StiffW aste250 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0.00 0.00 0.00 0,00 
Cell_BaseCase250 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 
Cell_SSlp250 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,04 0,04 
Cell StiffWaste250 0,00 0,00 0,00 0.00 0.00 0.00 0,00 0,00 0,00 0,09 0,09 
Table 7.27 Interface shear strengths for closed and landfill cell designs calculated using 
SR@95% corresponding to Lt of 1.0. and the mobilised strengths from different 
length fractions along basal interfaces corresponding to 95% probability of 
occurrence 
~i SR@95%ofLp1.0 'tavg Average SR@95% L\~ 
(kPa) (-) (kPa) (-) (%) 
Landfill cases TGM-FJNES: ~,= 80,0 kPa; ~LD = 45,0 kPa 
BaseCase250 80,00 0.00 80.00 0,00 0.0 
SSlp250 61.63 0.53 78.16 0.05 47.3 
StiffWasle250 77.64 0.07 79,64 0.01 5,7 
Cell_BaseCase250 79.23 0.02 79,92 0.00 2,0 
Cell_SSJp250 46.56 0.96 75.16 0.14 81.7 
Cell Stiftw aste250 76.72 0.09 78,76 0.04 5.8 
TGM-NWGT: !, = 101.3 kPa; ~LD = 46.2 kPa 
BaseCase250 101.30 0.00 101.30 0,00 0.0 
SSlp250 94.76 0,12 100,65 om 10,7 
StiffW aste250 100.38 0,02 IOUl 0,00 1.5 
Cell_BaseCase250 101.30 0.00 101.30 0.00 0,0 
Cell_SSJp250 86,95 0.26 99.46 0.03 22.7 
Cell Stiftwaste250 99,62 0.03 101.13 0.00 2,7 
NWGT-COARSE:!, = 136,9 kPa; ~LD = 113,6 kPa 
BaseCase250 136,90 0.00 136.90 0,00 0.0 
SSlp250 136,90 0.00 136.90 0.00 0,0 
StiffWaste250 136,90 0.00 136,90 0.00 0,0 
Cell_BaseCase250 136,90 0.00 136,90 0,00 0,0 
Cell_SSlp250 136,05 0.04 136.81 0.00 3,3 
Cell Stiftwaste250 134,86 0,09 136.70 0.01 7,9 
7-301 
Chapter 7 - RED IJ: Integrity of lining system 
.:. Strains in geosynthetics 
Figure 7.77 shows fhe histograms of maximum tensile strains (Et) of 250 runs for a closed 
landfill and a landfill cell with base case conditions. The flatter histogram of 
'Cell_BaseCase250' demonstrates that an inclusion of waste slope has generated higher 
variability in fhe maximum Et values. Likewise, the landfill cell wifh stiff waste conditions 
displays greater variability than its closed landfill geometry (Figure 7.78). It is difficuly to plot 
representative histograms for the distribution of maximum Et for 'SSlp250' and 'Cell_SSlp250' 
since high tensile strains for failed runs have severely distorted fhe unimodal distribution. 
Nevertheless, it can be concluded fhat the existence of a waste slope increases the variability of 
maximum Et in the geosynfhetic components. 
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Figure 7.77 Comparison of maximum tensile strain histograms between a closed landfill and a 
landfill cell wifh base case conditions 
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Figure 7.78 Comparison of maximum tensile strain histograms between a closed landfill and a 
landfill cell with stiff waste conditions 
The cumulative probability distributions of maximum Et are illustrated in Figure 7.79. It 
can be observed that the maximum Et of NWGT in a landfill cell is higher than in a closed 
landfill. Contrarily, the maximum Et of TGM in a landfill cell is lower fhan in a closed landfill. 
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Whether this behaviour represents the actual interaction in the lining system or a localised effect 
is unclear. This further necessitates a field instrumentation of lining system to validate the 
behaviour. 
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Figure 7.79 Cumulative probability distributions of maximum Et for closed landfills and landfill 
cells in Ca) NWGT and Cb) TGM 
Table 7.28 summarises the range of maximum Et and the probability of exceeding Et of 
1 %, PIEt=l %) for the closed landfills and temporary cells. Consistent with the number of high 
RSD realisations, PIEt=l %) of NWGT and TGM for 'Cell_SSlp250' simulation are about 3 
times higher than for 'SSlp250' simulation. Additionally, the maximum Et in TGM of 6.4% for 
'Cell_SSlp250' is greater than 5.3% for 'SSlp250'. The statistical information on maximum Et 
in Table 7.28 have demonstrated that a landfill cell poses a more criticallandfill geometry. 
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Table 7.28 Strain@95%, range of maximum tensile strains of geosynthetic components and 
tbe probability of exceeding 1 % strain of cell and closed landfills 
Tensile strain@95% Min Max Median Pj{E,=I%) 
(%) (%) (%) (%) (%) 
Construction stage I 2 3 4 5 6 6 6 6 6 
Landfill cases NWGT 
BaseCase250 0.15 0.15 0.14 0.14 0.14 0.14 0.08 0.16 0.12 0.00 
SSlp250 0.24 0.24 0.22 0.21 0.21 2.30 0.14 5.29 0.17 7.60 
StiffW aste250 0.13 0.13 0.11 0.11 0.11 0.11 0.08 0.12 0.10 0.00 
Cell_BaseCase250 0.18 0.16 0.15 0.15 0.15 0.15 0.24 0.42 0.33 0.00 
Cell_SSlp250 0.25 0.24 0.22 0.23 1.98 4.76 0.27 6.44 0.38 24.00 
Cell StiffW aste250 0.13 0.14 0.12 0.12 0.11 0.12 0.21 0.36 0.28 0.00 
TGM 
BaseCase250 0.09 0.09 0.10 0.11 0.10 0.10 0.06 0.11 0.09 0.00 
SSIp250 0.16 0.16 0.15 0.15 0.15 2.30 0.10 5.19 0.13 7.60 
StiffW aste250 0.05 0.08 0.09 0.09 0.09 0.09 0.06 0.10 0.08 0.00 
Cell_BaseCase250 0.10 0.09 0.09 0.08 0.08 0.09 0.04 0.10 . 0,07 0.00 
CelCSSlp250 0.11 0.14 0.12 0.13 1.98 4.73 0.07 6.39 0.11 24.00 
Cell StiffWaste250 0.06 0,07 0.07 0.07 0.07 0.06 0.05 0.08 0.06 0.00 
7.8 Additional Numerical Analysis with Increased Variability 
Two additional numerical landfill simulations, namely 'Closed_highCOV' for a closed 
landfill geometry and 'Cell_highCOV' for a temporary landfill cell, witb increased variability in 
interface shear stiffness, interface shear friction angle (0) and tensile moduli of geosynthetics, 
were also carried out. Stiff waste conditions are designated for tbe waste body since tbey 
impose more critical responses to the lining system. Due to higher variability assigned for the 
input parameters, both of these simulations are each conducted at 500 runs. 
The statistics and range of sampling values of these parameters, shown in Tables 7.29 to 
7.31, are still within the possible values that may be obtained from the laboratory repeatability 
testings, or derived from different computation methods. The COVs of interface shear stiffness 
for TGM-fines, TGM-NWGT and NWGT-coarse has been increased from 11.0% to 19.9%, 
7.2% to 13.1 % and 8.3% to 14.4%, respectively. Similarly, the COVs of peak friction angles for 
TGM-fines, TGM-NWGT and NWGT-coarse interfaces are raised from 6.1 % to 9.4%, 4.0% to 
6.5% and 2.3% to 3.7%. Likewise, the tensile moduli of TGM and NWGT have been increased 
about 2 times from 14.8% to 31.6% and 13.5% to 27.5%, respectively, because of high 
uncertainty in determining tbe types of moduli (e.g. tangent, initial or secant) that can be 
assigned to the numerical model. Nevertheless, the variability of Yw,"" and ex for all three 
interfaces are kept consistent with the sensitivity and parametric studies as they have already 
included a wide range of values. 
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Table 7.29 Input of secant interface shear stiffness with increased COY 
Type 
TGM-fines 
TGM-NWGT 
NWGT-coarse 
Mean 
6.74e6 
1.32e7 
9.8ge6 
Secant interface shear stiffness (Palm) 
COY (%) Min 
19.9 3.00e6 
13.1 8.97e6 
14.4 5.78e6 
Table 7.30 Input of interface shear strength parameters with increased COY for 0 
Max 
1.02e7 
1.87e7 
1.47e7 
T~Ee Interface friction angle e) Interface adhesion (Pa) 
TGMfines o@O.5mm o@3.5mm o@7.5mm o@15mm o@30mm o@60mm a@6.6ml11 a@9.8mm 
Mean 14.0 18.8 22.2 18.6 14.2 11.9 3111 2175 
COV(%) 1.4 7.8 9.4 10.7 9.3 8.8 16.9 8.7 
Min 13.4 14.7 17.1 12.3 10.9 8.7 2126 1699 
Max 14.7 23.8 28.5 25.1 17.8 15.8 4491 2647 
TGM-NWGT o@O.8mm o@3.0mm o@6.5mm o@20mm o@42mm o@80mm a@7.3mm a@1O.9mm 
Mean 11.5 20.0 26.2 17.8 14.1 11.9 4340 3699 
COV(%) 0.9 3.2 6.5 6.5 6.2 5.6 5.8 5.1 
Min 11.2 18.4 20.6 14.5 11.8 9.9 3748 3211 
Max 11.8 22.1 31.3 20.9 17.5 13.7 4950 4165 
NWGT~coarse o@i.Smm o@6.5mm o@12mm o@30mm o@50mm o@80mm a@28,6mm a@43.0mm 
Mean 17.0 31.0 34.3 32.0 29.9 27.1 2430 1663 
COV(%) 0.5 2.2 3.7 4.1 5.4 8.0 16.3 26.9 
Min 16.7 28.7 31.0 28.3 23.8 20.4 1275 390.8 
Max 17.3 32.7 38.0 35.7 33.9 33.3 3359 2715 
Table 7.31 Input of geosynthetics parameters with increased COY for ErGM and ENWGT 
Type 
TGM 
NWGT 
Thickness (m) 
0.00200 
0.00796 
Mean 
l.78e8 
2.76e7 
7.8.1 Relative shear displacements 
Secant elastic stiffness (Pa) 
COY (%) Min 
31.6 6.22e7 
27.5 8.2ge6 
Max 
4.48e8 
4.91e7 
Based on the mechanical timesteps criteria explained in Section 7.7.1, it can be observed 
in Figure 7.80 that there are possibly 2 and 4 realisations in 'Closed_highCOV' and 
'Cell_highCOV' simulations that have acquired high number of timesteps to reach equiblirium, 
which indicate potential failed runs (e.g. high RSDs) along the weakest interface. Indeed, two 
runs with maximum RSD exceeding 100 mm have occurred along TGM-fines interface of 
'Closed_highCOV' simulation as plotted in Figure 7.8 I (a). Likewise, 2 realisations with 
maximum RSD surpassing 300 mm have failed along TGM-fines interface of 'CeJl~ighCOV' 
simulations (Figure 7.82a), while another 2 runs are on the verge of failure with. RSDs 
approximately 40 mm. Corresponding to higher variability in the input parameters, the range of 
RSD distributions for both simulations along the three interfaces are observed in Figures 7.81 
and 7.82 to be greater than their equivalent simulations with lower assigned variability. 
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for a landfill cell simulation with low and high COY at final construction stage 
7.B.2 Mobilised interface shear strengths 
The solid continuous lines in Figure 7.83 represent cumulative probability distributions of 
SR for a closed landfill and a landfill cell with variability in the input parameters, lower than the 
ones in dotted lines. As estimated, the landfills with higher degrees of variability illustrate 
greater SR values (Figure 1.83a) along TGM-fines and NWGT-coarse interfaces. However, a 
closed landfill with stiff waste conditions and higher degree of variability displays larger SR 
values than its temporary landfill cell conditions along TGM-fines interface (see the dotted 
lines), which contradict the findings from Section 7.7.3. This behaviour is clearly illustrated in 
Figure 7.84(a) at construction stage 3 onwards along TGM-fines interface, but does not apply to 
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NWGT -coarse interface. Therefore, the interaction between waste body, liner interfaces and 
components in a multi-lined landfill is complicated and may be unpredictable. Without 
conducting series of sensitivity and parametric studies outlined in Section 7.1.1 based on 
probabilitistic approach, this behaviour may not be observed with a single deterministic 
numerical landfill simulation. 
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On the landfill side slope (Table 7.32), both landfills of high and low variability initiate 
post-peak shear strengths along TGM-fines and TGM-NWGT interfaces at construction stage 2. 
However, post-peak strengths have only occurred along NWGT-coarse interface at construction 
stages 4 and 5 for landfills of high and low variability, respectively. On the landfill base (Table 
7.33), strength reductions have occurred along TGM-fines interface at construction stages 5 and 
6 for landfills of high and low variability, respectively. No strength reduction from peak value is 
found along NWGT -coarse basal interface of closed landfills regardless of the degree of 
variability of input parameters, while SR@95% of 0.09 and 0.35 are recorded for landfill cells 
with low and high degree of variability. 
Table 7.32 SR@95% along interfaces at landfill side slope for different construction stages of 
simulations with higher degree of variability 
Planned height 30m 25m 20m IS m !Om Srn 
Landfill cases TGM-FINES 
StiffW aste250 0.74 0.62 0.45 0.20 0.00 0.00 
Cell_StiffWaste250 0.74 0.66 0.47 0.20 0.00 0.00 
Closed_highCOV 0.88 0.74 0.64 0.22 0.00 0.00 
Cell highCOV 0.84 0.71 0.51 0.23 0.00 0.00 
TGM-NWGT 
StiffWaste250 0.47 0.25 0.21 om 0.00 0.00 
CelLStiffWaste250 0.47 0.25 0.19 0.05 0.00 0.00 
Closed_highCOV 0.49 0.33 0.21 0.08 0.00 0.00 
Cell highCOV 0.49 0.31 0.21 0,07 0.00 0.00 
NWGT-COARSE 
StiffW aste250 0.08 0.00 0.00 0.00 0.00 0.00 
Cell_StiffWaste250 0.25 0.00 0.00 0.00 0.00 0.00 
Closed_highCOV 0.09 0.04 0.00 0.00 0.00 0.00 
Cell highCOV 0.53 0.03 0.00 0.00 0.00 0.00 
Table 7.33 SR@95% along interfaces at landfill basal for different construction stages of 
simulations with higher degree of variability 
Planned height 30m 25m 20m 15 m 10m Srn 
Landfill cases TGM-FJNES 
StiffW aste250 0.07 0.00 0.00 0.00 0.00 0.00 
CelLStiffW aste250 0.09 0.00 0.00 0.00 0.00 0.00 
Closed_highCOV 0.32 0.03 0.00 0.00 0.00 0.00 
Cell hi/lhCOV 0.22 0.08 0.00 0.00 0.00 0.00 
TGM-NWGT 
StiffWaste250 0.02 0.00 0.00 0.00 0.00 0.00 
Cell_StiffW aste250 0.03 0.00 0.00 0.00 0.00 0.00 
Closed_highCOV 0.06 0.00 0.00 0.00 0.00 0.00 
Cell highCOV 0.05 0.00 0.00 0.00 0.00 0.00 
NWGT-COARSE 
StiffWaste250 0.00 0.00 0.00 0.00 0.00 0.00 
Cell_StiffW aste250 0.09 0.00 0.00 0.00 0.00 0.00 
Closed_highCOV 0.00 0.00 0.00 0.00 0.00 0.00 
Cell highCOV 0.35 0.00 0.00 0.00 0.00 0.00 
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7.8.3 Average interface shear strength for LE design 
Figure 7.85 depicts the strength mobilisations in term of SR@95% along the total length 
of interfaces at side slope of landfills. The dark and light continuous lines in the figure represent 
closed landfills and temporary cells, respectively, while the lines with solid and open circle 
signify landfills with low and high degree of variability assigned to the input parameters. It can 
be observed that SR@95% values for 'Closed_highCOV' and 'Cell_highCOV' are situated 
above their counterpart landfills of lower degree of variability. This indicates that larger post-
peak strength reductions have occurred along all three side slope interfaces in the landfills with 
higher assigned variability. Therefore, it is shown that the increase in variability of input 
parameters reduces the available shear strengths along interfaces. 
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Figure 7.85 SR@95% values corresponding to different length fractions along (a) TGM-fines, 
(b) TGM-NWGT, and (c) NWGT-coarse interfaces at landfill side slope of closed 
landfills and landfill cells with higher COY after final construction stage 
Table 7.34 Interface shear strengths for landfill simulations with higher degree of variability 
using SR@95% corresponding to LE of 1.0, and the mobilised strengths from 
different length fractions at landfill side slope corresponding to 95% probability of 
occurrence 
~i SR@95%of4=1.0 'tavg Average SR@95% t.~ 
(kPa) (-) (kPa) (-) (%) 
lAndJill cases TGM-FINES: 'tu = 80.0 kPa; ~LD = 45.0 kPa 
StiffWaste250 54.07 0.74 61.16 0.54 20.3 
Cel1_StiffWaste250 53.99 0.74 61.28 0.53 20.8 
Closed_highCOV 49.05 0.88 55.43 0.70 18.2 
CelUighCOV 50.70 0.84 59.19 0.59 24.3 
TGM-NWGT: 'tu = 101.3 kPa; ~LD - 46.2 kPa 
StiffWaste250 75.17 0.47 89.17 0.22 25.4 
Cell_StiffWaste250 75.47 0.47 86.37 0.27 19.8 
Closed_highCOV 74.46 0.49 88.75 0.23 25.9 
Cell_highCOV 74.57 0.49 76.56 0.45 3.6 
NWGT-COARSE: 'tu = 136.9 kPa; ~LD = 113.6 kPa 
StiffWaste2S0 135.12 0.08 136.55 0.01 6.1 
Cell_StiffW aste250 131.17 0.25 133.07 0.16 8.1 
Closed_highCOV 134.73 0.09 136.19 0.03 6.3 
Cell highCOV 124.64 0.53 131.37 0.24 28.9 
Table 7.34 summarises the available shear strengths along the side slope interfaces in the 
lining system, that are computed based on SR@95% corresponding to Lt of 1.0 and the 
mobilised shear strengths associated with different Lt. The discrepancy of shear strength (Ll't) 
between both approaches is the lowest when the gradient of a line in Figure 7.85 is small or flat, 
and vice versa. In Table 7.34, the landfills with higher variability demonstrate average 
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SR@95% along TGM-fines intetface in the range of 0.6 to 0.7, while their counterpart landfills 
with lower variability yield values of about 0.5. In contrast, SR@95% corresponding to Lt of 
1.0 along TGM-fines interface are in the range of 0.7 to 0.9 for these landfills, which illustrate 
that the shear strengths from the later approach are more conservative. Additionally, there are 
distinct higher strength mobilisations along TGM-NWGT and NWGT -coarse interfaces of 
'Cell_highCOV' when compare to the other three simulations, which are not depicted along the 
TGM-fines interface. This highlights that the strength mobilisations along a multi-lined system 
are difficult to predict especially when the input parameters governing the interfaces are 
uncertain. 
Likewise, Table 7.35 summarises the available shear strength along the basal lining 
intetfaces. Based on the average SR@95%, none of the interfaces in any simulations has 
exceeded 0.10. However, SR@95% values corresponding to Lt of 1.0 along TGM-fines 
interface are relatively large for landfills with higher degree of variability. This suggests that a 
small portion of the total length along the TGM-fines basal interface has achieved SR of 0.32 
and 0.22 for 95% of the realisations in 'Closed_highCOV' and 'Cell_highCOV' simulations. 
Using these values instead of average SR@95% values will produce lower factor of safety when 
employed in LE stability analyses. 
Table 7.35 Intetface shear strengths for landfill simulations with higher degree of variability 
using SR@95% corresponding to Lt of 1.0, and the mobilised strengths from 
different length fractions along basal intetfaces corresponding to 95% probability 
of occurrence 
~i SR@95% of Lp1.0 'tavg Average SR@95% A~ 
(kPa) (-) (kPa) (-) (%) 
Landfill cases TOM-FINES: 'to = 80.0 kPa; ~LD - 45.0 kPa 
StiffWaste250 77.64 om 79.64 om 5.7 
Cell_StiffW aste250 76.72 0.09 78.76 0.D4 5.8 
Closed_highCOV 68.97 0.32 76.87 0.09 22.6 
Cell highCOV 72.27 0.22 76.42 0.10 11.9 
TOM-NWGT: 'tp = 101.3 kPa; ~LD = 46.2 kPa 
StiffW aste250 100.38 om 101.21 0.00 1.5 
CelCStiffW aste250 99.62 0.03 101.13 0.00 2.7 
Closed_highCOV 98.23 0.06 100.95 0.01 4.9 
Cell highCOV 98.55 0.05 101.02 0.01 4.5 
NWGT-COARSE: 'tp = 136.9 kPa; ~LD - 113.6 kPa 
StiffWaste250 136.90 0.00 136.90 0.00 0.0 
Cell_StiffWaste250 134.86 0.09 136.70 0.01 7.9 
Closed_highCOV 136.90 0.00 136.90 0.00 0.0 
Cell highCOV 128.81 0.35 136.09 0.03 31.3 
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7.8.4 Strains in geosynthetics 
The histograms for maximum tensile strains (Et) excluding failed realisations, for a closed 
landfill and a landfill cell with different degrees of variability are plotted in Figure 7.86. The 
landfills with higher variability illustrate greater range of maximum Et values and thus, produce 
flatter histograms. More importantly, failed realisations with Et exceeding 1 % (Table 7.36) have 
occurred for the landfill with side slope inclination of 21.8°, which are not demonstrated with 
lower assigned variability of input parameters (e.g. 'StiffWaste250', 'CelCStiffWaste2S0'). The 
Pt<Et =1 %) for TGM and NWGT of both landfills with higher degree of variability is OAxlO·2, 
whereas zero is recorded for their counterpart landfills with lower degree of variability of input 
parameters. 
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Table 7.36 E,@95%, range of maximum tensile strains of geosynthetic components and the 
probability of exceeding 1 % strain for different construction stages of simulations 
with higher degree of variability 
Tensile strain@95% Min Max Median Pt<r.=I%) 
(%) (%) (%) (%) (%) 
Construction stage 1 2 3 4 5 6 6 6 6 6 
umdfill cases NWGT 
StiffWaste250 0.13 0.13 0.11 0.11 0.11 0.11 0.08 0.12 0.10 0.00 
CelCStiffWaste250 0.13 0.14 0.12 0.12 0.11 0.12 0.21 0.36 0.28 0.00 
Closed_highCOV 0.14 0.13 0.11 0.11 0.11 0.11 0.08 1046 0.10 DAD 
Cell highCOV 0.14 0.14 0.13 0.12 0.12 0.12 0.18 2.19 0.28 DAD 
TGM 
StiffW aste250 0.05 0.08 0.09 0.09 0.09 0.09 0.06 0.10 0.08 0.00 
Ce1CStiffWaste250 0.06 0.07 0.07 0.07 0.07 0.06 0.05 0.08 0.06 0.00 
Closed_highCOV 0.06 0.09 0.09 0.09 0.09 0.10 0.05 1.28 0.08 DAD 
Cell highCOV 0.06 0.08 0.07 0.07 0.07 0.07 0.04 2.07 0.06 DAD 
7.9 Chapter Summary 
In this chapter, the integrity of a multi-lined system in a completed and temporary (e.g., 
cell) shallow-sloped landfills, taking into account the variability of significant input parameters, 
were investigated through numerical analysis using FLAC finite difference software. The multi-
lined system consists of three interfaces that were designated as TGM-fines, TGM-NWGT and 
NWGT -coarse, while the primary loading on the liner was imposed by selfweight and downdrag 
of waste. The assigned waste, interface and geosynthetics properties in the simulations only 
reflect short-term conditions during waste filling. The liner responses, which include the relative 
shear displacements (RSDs) along the interfaces and the tensile strains (E,) in the geosynthetic 
components were presented in accordance with Eurocode 7 (2004), which targets that no greater 
than 5% of adverse conditions should occur. With a minimum of 250 realisations conducted in a 
simulation, this implies that 238 of the runs would have the response value that corresponds to 
95% probability of occurence. 
The four input parameters that were taken as random variables in the probabilistic 
numerical landfill analyses were unit weight of waste (Yw",,,), interface shear stiffness (k,), 
interface shear strength (B and a), and tensile moduli of geosynthetics (EroM and ENWGT). The 
sampling values of these parameters for the realisations were generated based on the postulated 
probability distributions from previous chapters using the Monte Carlo approach. The statistical 
information of these sampling values were presented in the beginning of the chapter. 
Before commencing the discussions on the effects of uncertainty and variability of input 
parameters to the lining responses, the behaviour of the multi-lined system was investigated by 
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carrying out isolated numerical landfill simulation. The main findings for the shallow-sloped 
landfill are summarised as follows: 
• The highest RSDs occurred along the interface with the lowest assigned interface 
stiffness, and not the lowest assigned interface strength; 
• When failure occurred, the distribution of RSD along the side slope of the weakest plane 
resembled a mirrored parabola. If failure was situated at the bottom interface adjacent to 
the foundation, the geosynthetic components above it would behave as one entity and be 
subjected to similar tensile strain distributions; 
• When no failure occurs, the RSDs along an interface and the tensile strains in a 
geosynthetic localised according to waste lift or construction stages; 
• The shear stresses generated along the shallow-sloped interfaces ('tINT) are dependent on 
k:" interface shear strengths and the shear stresses generated within the waste mass, which 
is a function of Yw"te and slope inclination. Prior to peak and large displacements, the 
shear stresses along the interfaces are governed by k, and the magnitude of shear stresses 
transmitted from the waste mass, respectively. The shear stresses exerted from waste 
mass to the liner can be estimated using Mohr's circle. At large displacements, TINT is 
controlled by the shear strength of the weakest interface. 
By varying Yw"le, the probability distribution of total mechanical waste settlements were 
produced. This distribution can be used to estimate the range of possible landfill volume still 
available for waste filling (excluding degradation volume changes). 
In accordance with Eurocode 7 (2004), the responses (e.g. RSD and Et) of the liner 
elements were evaluated based on 95% probability of occurrence, which also represents 95% 
confidence in the serviceability state of the lining system due to a particular loading. Using 
RSDs of each interface segment, the shear strength along the length of side slope or basal 
segments are grouped into different degrees of strength reduction (SR), where SR of 0 and 1 
represent pre-peak or peak and large displacement shear strengths, respectively. Thereafter, two 
approaches to calculate the available shear strengths along interfaces were proposed. These 
shear strengths can be utilised for limit equilibrium analysis to compute a representative factor 
of safety against sliding during and after waste filling. The first approach is based on SR@95% 
values corresponding to Lr of 1.0, which yields a more conservative shear strength (the lowest 
available shear strengths at any location along the weakest interface for 95% of the realisations). 
Alternatively, the second approach computes an average shear strength based on different 
degrees of SR@95% that are mobilised along various length fractions. Based on the simulation 
cases in the study, the differences of mobilised shear strength along the failure plane between 
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the two approaches can reach up to 82% of the difference between mean 'tp and 'tw (along the 
base of 'Cell_SSlp250' landfill). 
It was illustrated that ignoring the variability of one or all significant input parameters 
would lead to unsafe designs because possible failed realisations (e.g. high RSD greater than 
lOO mm) along an interface may be ignored (e.g. 'SSlp250', 'Closed_highCOV' and 
'Cell_highCOV' simulations), or over-optimistic shear strengths along the weakest interface 
(e.g. Iow SR values) could be mistakenly deduced (Section 7.6.2). For geosynthetic 
components, the methodology presented in this chapter enables the failure probability of 
exceeding a limiting tensile strain (e.g. Et of 1 %) to be evaluated. Additionally, the range of 
possible tensile strains that occur in the geosynthetic due to the variability of the input 
parameters can be obtained and used to compute the minimum factor of safety for the 
geosynthetic components. 
In Section 7.7.2, it was established that the liner responses along the weakest interface are 
more critical for landfills with steeper side slope, stiffer waste, thicker waste lift and for a 
temporary cell geometry. It is also shown in Section 7.8.3 that an increase in variability of input 
parameters reduces the available shear strengths along the TGM-fines interface. Meanwhile, the 
variability of the tensile strains in the geosynthetic components are more pronounced with 
steeper side slope, soft waste, thinner waste lift, and for a temporary cell geometry. 
Finally, this chapter has not only highlighted the effect of taking into account the 
variability of significant input parameters, but also has substantiated that the probabilistic 
approach is a superior tool to examine the responses of the lining system. It gives abundant 
information on the integrity of the lining system due to waste loading, as well as the possibility 
for practitioners to deliberate on the acceptable failure or unsatisfactory performance based on 
their experiences. 
7-317 
Chapter 8 - Conclusions and future works 
ChapterS 
CONCLUSIONS AND FUTURE WORKS 
B.O Introduction 
Engineering designs possess uncertainty and variability, which are normally dealt by 
applying a factor of safety (PS). However, the merits of decision-making are often lost in 
adopting this standard of practice, and achieving the target FS becomes the sole objective in a 
design without appropriate consideration on the degree of uncertainty, or the origins of the input 
parameters. 
The probabilistic approach is envisaged as providing a step forward to improve landfill 
engineering designs, as it explicitly takes into account the uncertainty and variability that may 
exist at all construction stages. The Monte Carlo technique is favoured in this study due to its 
flexibility to consider implicit functions such as the finite difference formulations. To 
implement the probabilistic approach, the variability and uncertainty of input parameters were 
quantified using various types of information such as laboratory test results, literature studies 
and subjective judgement. The significance of uncertainty and variability of input parameters to 
landfill engineering was highlighted using examples of ultimate and serviceability limit states 
designs. The stability and integrity of the lining systems due to selfweight of cover soil and 
short-tern mechanical waste settlement were investigated for shallow- sloped (e.g. slope angle 
less than 60°) landfills. 
B.1 Overall Summary 
The objectives laid out in Chapter 1 are achieved and presented in Chapters 4 to 7. In 
Chapter 4, the properties for the three interfaces (Le., TGM-fines, TGM-NWGT, NWGT-
coarse), and their corresponding uncertainty were quantified from a repeatability testing 
programme and compared against global and inter-laboratory datasets. It is recommended that 
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variability and uncertainty obtained using global and inter-laboratory datasets are not used to 
obtain characteristic values for limit equilibrium analysis or as input to reliability analyses, 
since they result in over-conservative designs. 
In addition, assigning standardized distribution types to input parameters is important in 
reliability analysis to enable comparison of design between engineering consulting companies. 
This has been demonstrated through probability plots and histograms, comparing the departures 
from normality using skewness and kurtosis of the datasets, and computing the goodness-of-fit 
statistics, to indicate the fit of a normal distribution for global, inter-laboratory and repeatability 
datasets. By applying the normality assumption, variability of interface shear strength and 
derived parameters were quantified in terms of COV. The relationships between COY or 
standard deviations with applied normal stresses for these parameters were also given. Towards 
the end of Chapter 4, the sampling values of interface shear strengths, and tensile properties of 
geosynthetics components for the numericallandfill simulations were established. The pair of 0-
a shear strength parameters at specified displacements were validated using numerical direct 
shear tests to ensure that the assigned values would display similar stress-displacement 
behaviour obtained from laboratory repeatability direct shear testing. 
In Chapter 5, information to be used for the designs in the study, but could not be directly 
measured, was acquired through expert elicitation. The process included the selection of design 
issues and experts, development of the elicitation technique using questionnaires ernailed to 
geographically-spread experts, and the mathematical aggregation of responses to obtain 
consensus. The design issues encompassed waste properties, interfaces, construction tolerances 
and loadings. Although low number of responses and feedback were received, and the range of 
values for parameters could differ significantly between participants, a wide range of interesting 
opinions have been collected. Therefore, this methodology may be used to gather subjective 
information, but should be conducted at smaller scale such as within a company or region, with 
the aid of a facilitator. 
The statistical information collected from Chapters 4 and 5 were used in Chapters 6 and 7 
to demonstrate how the probabilistic approach can be utilised to enhance limit state designs, 
which take into account the uncertainty and variability in landfill engineering designs. In 
Chapter 6, a veneer cover soil stability formulations was derived based on limit equilibrium 
(LE) force diagrams. These formulations were simplified by replacing the pair of interface o-a 
with interface shear strengths (t). A deterministic design chart was then created to optimise 
veneer cover soil design, by estimating the maximum allowable slope inclination or the 
minimum strength requirement to satisfy the required factor of safety. A reliability-based design 
chart was also created, which is able to produce the same optimum design by achieving both 
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deterministic (e.g. factor of safety) and probabilistic (e.g. failure probability) performance 
criteria. However, the later design chart was shown to impose a more stringent criteria for 
design, which required practitioners to demonstrate the reliability of the input parameters. 
In Chapter 7, serviceability limit states were investigated using the probabilistic 
approach. At the beginning of the chapter, the input parameters for the various numerical 
simulations, and the responses of the liner due to waste settlement were described. The integrity 
of the landfill lining system was measured by the relative shear displacements along liner 
interfaces and the tensile strains in the geosynthetic components. The responses were expressed 
corresponding to 95% of occurrence, which indicates 95% confidence in the input parameters 
and performance of the liner. 
It is well acknowledged that adopting peak strength along interfaces may result in unsafe 
design, while utilising large displacement strength can be excessively conservative. 
Additionally, carrying out a parametric study with worst case condition may also yield over-
conservative designs. It was shown that a probabilistic approach based on 95% of occurrence or 
confidence level can be used to determine the mobilised shear strength along the weakest 
interface, that may yield a reliable factor of safety for an LE design. The probability of strain 
exceeding a limiting criteria can also be established. 
Finally, it has been demonstrated in this study that the probabilistic approach used in 
landfill engineering design provides greater information than the traditional approach, which 
relies on a single factor of safety. The aim of the study has been achieved, but further work in 
the following subsections are still required to improve the probabilistic design methodology. 
The recommendations are focussed to produce a practical, and easy-to-apply probabilistic 
technique for any engineering designs. 
8.2 Limitations of the Study 
The limitations of the study are identified as follows: 
(1) The types of uncertainty such as systematic, data scatter and model error associated 
with the input parameters for the serviceability or ultimate limit states designs are not 
specifically identified. Therefore, efforts to reduce uncertainty, through more testing, 
may not be justified if the main factor contributing to high COY is the actual spatial 
variation of the design parameter. 
(2) The number of runs in a simulation are relatively low in this study for a Monte-Carlo 
approach. Therefore, the sampling of design values may not reflect its assigned 
probability distribution and hence, would reduce the accuracy of the output 
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distributions. To improve the accuracy of the output probability, higher sampling 
numbers are required. Conversely, variance reduction or response surface methods can 
be employed without acquiring a high number of sampling values (see (2) of Section 
8.3). 
(3) Correlations between input parameters such as interface friction and adhesion, or unit 
weight of waste with compressibility are not considered. The spatial and temporal 
variations of interface and waste properties are also not taken into account. These 
correlations may increase or decrease the variability and uncertainty of the performance 
functions. At present, there is a lack of data to include such correlations but random 
field theory proposed by Fenton and his colleague (Section 2.7.1) may be used to 
account for spatially distributed waste properties. 
(4) The design charts created in Chapter 6 are limited to self-weight loading of the cover 
soil. Other types of loadings such as equipment, seismic and pore pressures are not 
taken into consideration. Similarly, the behaviour and responses of the lining system in 
Chapter 7 are only attributed to short-term waste settlement in a dry shallow-sloped 
landfill. 
8.3 Recommendations and Future Development 
The recommendations to improve the research through future work are proposed as follows: 
(1) Increase existing database; 
More repeatability testing programmes are needed to quantify the variability of interface 
shear strengths as well as other significant input parameters for reliability-based designs. This 
not only increases the available databases, but also the credibility of typical variability 
associated with the generic interfaces, such as the ones reported in this study. The Bayesian 
updating technique can then be employed in conjunction with a few site and material specific 
laboratory test results, to reduce the variance of the database. 
(2) Improvement to probabilistic approach; 
In the probabilistic approach based on Monte Carlo simulations, the random sampling 
values generated using linear congruential generator (e.g. Box and Muller method) in this study 
have resulted in non-uniformity distributions under a small number of realisations (Shinoda et 
al., 2006). This means that the mean and standard deviations of relatively small sampling values 
may not be exactly as its parent distribution. The deficiency of this crude Monte Carlo 
technique can be improved with various variance reduction techniques (Baecher and Christian, 
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2003) such as importance sampling. Importance sampling with low-discrepancy sequence 
Monte Carlo (ISLDSMC) has been documented by Shinoda et al. (2006) to reduce numerical 
error of the distribution's statistics, as well as decrease the number of sampling values requisite 
for low failure probability. The concept of importance sampling is to generate values around the 
expected failure region using a different distribution, but will estimate the statistics of the 
random variable under its particular distribution. Meanwhile, the low-discrepancy sequence 
(LDS) are used to improve the uniformity of the sampling values of a random variable. 
According to Shinoda et al. (2006), a set of quasi-random numbers of LDS in each simulation is 
unique with respect to the number of simulations. 
Another approach to reduce the computational cost and time required for Monte Carlo 
simulation is utilising the response surface method (Tandjiria et al., 2000; Xu and Low, 2006). 
The basic concept behind the approach is to approximate a complex or unknown implicit 
performance function (e.g. without closed form solution) by a simple and explicit function of 
the random variables. The explicit approximate function, which typically is an. nth order 
polynomial, can be obtained from regression analysis using the results of numerical 
computations or experiments. The approximation (e.g. polynomial function) can then be easily 
coded into a spreadsheet, and Monte Carlo simulation can be performed using @RISK.· 
Applying first order reliability method, FORM (e.g. Hasofer-Lind) or first order second moment 
method (FOSM), the reliability index can be computed and thus, the failure probability is 
evaluated. For this study, the polynomial function can be evaluated with only (n+l)(n+2)/2 
sampling values applied to limit equilibrium or finite difference computations, to approximate 
the limit state boundary (e.g. relationship between performance indicator such as FS or tensile 
strains, with the random variables such as friction, cohesion, unit weight of waste, etc.), where n 
is the number of random variables. Ignoring the interaction terms, the sampling values can be 
further reduced to 2n+ I. Thus, the cumbersome procedures to generate thousands of random 
sampling values for thousands of simulations in a conventional Monte Carlo approach, which 
are time-consuming, are omitted using the response surface method. 
(3) Improvements to the landfill numerical model; 
In Chapter 5, participants have asserted high probability that scenarios such as seismic, 
seepage, puncture loads, and geological discontinuities would occur at landfills. Future work is 
needed to include these elements and their uncertainty into stability and integrity of landfill 
lining systems. 
In addition, the landfill numerical model requires further developments to take into 
account other loadings exerted from equipments, pore pressures and time-dependent conditions 
such as degradation and creep, that can occur throughout its lifetime. Three approaches that can 
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be used to take into account degradation or creep in the existing numerical model are 
enumerated as follows: 
• Apply downward movements to the nodes along the interfaces of the numerical model 
(e.g. internal boundary condition), that are equivalent to the post-construction settlement; 
• Adopt the subsidence model proposed by Meipner and Abel (2000). In the model, the 
vertical subsidence of the waste mass due to biodegradation is estimated based on landfill 
gas production. Using the calculated vertical subsidence, volume reductions are imposed 
on the waste elements in the form of equivalent strains. In short, the time dependency 
settlements are modelled by applying a time dependent volumetric shrinking strain rate in 
the vertical direction to the waste elements. 
• Develop a numerical waste model that includes short-term and long-term behaviour of 
waste (Zhang, 2007). 
Another important aspect that demands attention is to find an innovative technique or 
relationship to change the waste properties such as unit weight (Yw.".) and compressibility (e.g. 
Ko) with time or construction stages. In the previous numerical model, these parameters are kept 
constant throughout the construction stages and with depth of the landfill. However, it was 
documented in Section 2.1.3 that both parameters would increase for older waste. Attempts to 
change these properties by refining them at each construction stages have led to dubious 
responses along the lining system and in the waste body. One approach that may be successful 
is to alter the stresses and strains in the waste mass to reflect the changes of the waste properties 
with construction stages and time. 
In addition, the constitutive behaviour of the geosynthetic components can be better 
modelled using formulations such as proposed by Perkins (2000) for geotextiles, which 
incorporate direction-dependent elastic, plastic and time-dependent creep properties. More work 
is also needed to improve the modelling of geosynthetic anchorage (e.g. Villard and Chareyre, 
2004), so that mechanism such as the slippage and rupture can be demonstrated. 
(4) Simplified formulations to predict responses of geosynthetic above weakest plane 
The tensile strains and their corresponding stresses or tensile loads from the numerical 
analyses can be compared to the simplified model (e.g. explicit formulations) such as simple 
composite column (SCC) proposed by Liu and Gilbert (2003). The simplified model satisfies 
strain compatibility and can be implemented easily into a spreadsheet. If the simplified model is 
representative, the probabilistic approach using Monte Carlo technique can be conducted with 
SCC formulations at higher number of runs, but will be less time-consuming. 
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(5) Factor of safety using deduced interface shear strengths 
The factors of safety using the mobilised shear strength deduced from SR@95% should 
be checked (e.g. limit equilibrium analysis) so that they satisfy the minimum requirement of 
say, 1.3 for safety against sliding. 
(6) Monitoring the performance of the lining system and behaviour of waste; 
The behaviour and responses of the liner in Chapter 7 require validation against field 
data, but few if any, exist in the literature. To fill the gap, proper instrumentation of landfill 
lining systems to measure the relative downward movements in a multi-layered landfill and the 
tensile behaviour of geosynthetic components are essential. This involves planning of 
instrumentation such as: 
• Extensometers to measure relative shear displacements along the liner; 
• Pressure cells to record the shear and normal stresses acting on the liner; 
• Strain gauges or advanced fiber optic sensors to assess tensile stresses and strains in the 
geosynthetics components. The fiber optic techoology is based on the ability of the fibers 
to transmit light from a source to a photosensitive detector (Dunnicliff, 1993), while 
impressing the information onto its light beam by altering the intensity, frequency, phase 
and others, in response to environment effects. The technology is favoured because it is 
lightweight, passive (non-electrical), capable of being multiplexed and can be installed in 
a complicated strata. 
The instruments should be placed strategically at locations along and across the lining 
system so that the spatial variation of the liner responses, in term of correlation distance, can 
also be evaluated. In addition, proper maintenance of the instrumentation will give hindsight to 
the time-dependent responses, which mayor may not contribute to further mobilisation of 
interface shear stresses along the lining system and strains in the geosynthetic components. 
Likewise, instrumentation and testing should also be designed to monitor and measure the 
behaviour of the waste body in the landfill so that more realistic waste properties and their 
variability (e.g. spatial and/or temporal) can be incorporated into the numerical model. 
Alternatively, a centrifuge model can be employed to obtain the liner responses. For 
example, Xu et al. (2002) and Thusyanthan et al. (2007) have successfully adopted centrifuge 
testing with small scale models to evaluate the behaviour of geomembrane on landfill sideslope 
due to down-drag and seismic activities. Their models may be further extended to incorporate 
multi-element liner systems to investigate the relative displacements along the liner as well as 
strains in geosynthetics components. The primary challenges in centrifuge modelling are to 
create a prototype landfill, to scale each landfill component corresponding to their actual sizes 
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and mechanical behaviour (including waste body), and to impose equivalent loadings onto the 
model. 
(7) Integration ofJandfill design aspects; 
Since it is may not be possible to include all mechanisms leading to progressive failure in 
a numerical landfill analysis, it may be necessary to combine the failure probability from 
various numerical models that consider different mechanism. The probability of mobilising a 
large displacement along the weakest interface or exceeding a limiting strain in a geosynthetic 
component due to a detrimental factor, can be computed using the methodology outlined in this 
study, and then combined to obtain the overall failure probability using Equation (5.1). 
In addition, a chain of events leading to a progressive failure mechanism can be 
envisaged using fault trees. These failure probabilities can then be aggregated into a total failure 
probability for the landfill structure during its lifetime. 
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ApPENDICES 
• 
Appendix A Atterberg limits test for Mercia Mudstone 
Soil description: Mercia Mudstone 
Test method: 
Standard: 
Cone penetrometer method (defInite method - 4 points) 
BSI377-2:1990: 4.3 
PLASTIC LIMIT 
Container no. 7c 3d 
Mass of wet soil + container g 13)5 16.88 
Mass of dry soil + container g 12.32 15.07 
Mass of container g 4.85 5.35 
Moisture content % 19.14 18.65 
Average % 18.89 
LIQUID LIMIT I 2 3 
Initial dial gauge reading mm 10.27 10.10 10.25 10.18 10.385 10.08 
Final dial gauge reading mm 24.24 23.63 27.61 27.36 32.315 31.83 
Penetration mm 13.97 13.53 17.36 17.18 21.93 21.75 
Average penetration mm 13.75 17.27 21.84 
Container no. lA lB 8b 8d 4A 4b 
Mass of wet soil + container g 30.55 31.92 29.73 32.59 34.14 33.78 
Mass of dry soil + container g 24.26 25.33 23.27 25.36 25.92 25.64 
Mass of container g 5.64 5.80 5.46 5.37 4.71 4.70 
Moisture content % 33.79 33.71 36.31 36.17 38.76 38.82 
Average moisture content % 33.75 36.24 38.79 
Liquid Limit@2Omm % 38.11 
Plasticity Index, Ip % 19.21 
45.-----------------------~~~ 
I 
~ 
40 
"" 
~ 
~ 
0 35 u 
" a 
~ 
~ 30 
10 
Soil ClassifIcaton Scheme: 
Soil Type: 
,. ' 
USCS 
.,", ., I 
., . ' .' ". '" ,,, ., .. I 
,.' , 
.. y ~ 11.945Ln(x/ + 2.307~ 
• R2 ~ 0.9913 i I 
, I 
I 
Cone penetration (nun) 
CL (lean clay - suitable for compacted earth lining) 
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lOO 
4 
9.86 10.58 
34.34 35.30 
24.48 24.73 
24.60 
lC ID 
44.38 48.88 
32.84 36.31 
4.63 5.51 
40.94 40.83 
40.88 
Appendix B Standard Proctor compaction test for Mercia Mudstone 
Soil Type Clay Liner for testing 
Compaction Standard 
Weight of Hammer 
Height of Drop 
Blow Per Layer 
COMPACTfON 
Assumed Water Content 
Test No 
Weight of Wet Soil + Mould 
Weight of Mould 
Weight of Wet Soil 
Wet Density 
Dry Density 
WATER CONTENT 
Test No 
Container No. 
Weight of Wet Soil + Container 
Weight of Dry Soil + Container 
Weight of Water 
Weight of Container 
Weight of Dry Soil 
Water Content, w 
Averagew 
2.0 
BS 1377·4: 1990 
2500 g 
30 cm 
27 
5 
% 14 
g 3909.8 
g 1905.1 
~ 2004.7 
gJern' 2.031 
g/cm' 1.813 
5 
g Al A2 
~- 53.1 55.3 
g 47.9 49.9 
g 5.1 5.3 
g 5.4 5.5 
' g 42.6 44.4 
% 12.0 12.0 
% 12.03 
No. of lAyer 
Mould Size: H (cm) 
D (cm) 
Vol. of Mould, V (cm 3 ) 
Energy/vol. (kJlm 3 ) 
4 I 
22 24 
3979.7 4001.4 
1905.1 1904.6 
2074.6 2096.8 
2.102 2.125 
1.845 1.842 
4 I 
A3 A4 A5 A6 
46.0 47.3 42.4 49.7 
41.1 42.1 37.4 43.8 
4.9 5.2 5.0 5.9 
5.8 4.9 4.7 5.5 
35.3 37.2 32.7 38.3 
13.9 13.9 15.4 15.4 
13.91 15.36 
2 
26 
3993.0 
1905.4 
2087.6 
2.115 
1.785 
2 
A7 A8 
37.1 ,43.6 
32.0 37.6 
5.0 6.0 
4.7 5.5 
27.3 32.1 
18.4 18.6 
18.51 
3 
11.540 
10.435 
986.917 
604 
3 
28 
3888.2 
1905.2 
1983.0 
2.009 
1.637 
3 
A9 AIO 
52.2 48.8 
43.5 40.7 
8.7 8.0 
5.5 5.4 
38.1 35.4 
22.8 22.7 
22.76 
, , , 
~o/'; <;i% 'Q% Zero Air Void Line 
"" 
'" 1.9 ~ 
::;:: 1.8 ~ 
~ 
a. 
i- 1.7 
'in 
" " "0 
~ 1.6 
0 
1.5 
0 
, i .0J\Q3Ix2 + 0.0906x + 1.1776 
.----.-~ , 
" , , 
••. 95.% •••••••••••• \' •.• \ .•• 
. ~ \, : 
I I'" . 
, '~ , 
, " 
" '). " 
:, " 
, , 
3 5 8 10 13 15 18 20 23 25 28 30 
Water content, W (%) 
Optimum moisture content: 14.8 % 
Maximum dry density: 1.84 MgJm' 
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Os (e '1>t!riment) 2.700 
w Pd(gJCm3) 
-(%) v. 0.0 5.0 10.0 
,QJL 2.70 2.57 2.43 
2Q... 2.38 2.26 2.14 
....!Q;Q. 2.13 2.02 1.91 
.1iQ... 1.92 1.83 1.73 
.1Q:Q.. 1.75 1.67 1.58 
~ 1.61 1.53 1.45 
..1QJ1.. 1.49 1.42 1.34 
35.0 1.39 1.32 1.25 
Appendix C Physical properties of coarse-grained soil 
.... dJ:i. •.. 
BAllOON 
BARDON HILL QUARRY.:.. POl'phy(itic: Andesite •.. 
CERTIFICATE OF. PHYSICAL PROPERTIES. 
Property 
Particle density - oven drled 
-saturated and surface dried 
-apparent 
Water absorption 
Aggregate Abrasion 
. Aggregate impact 
. • Aggregate crushing value· 
10% fines vlll'!'>o.tSo8k<1d) 
10% finesvalfJe.~ryJ·i'i;R. 
MagnElSium sulfalll.$Oilhd ... 
Water solubl,fsuWate corrtent 
Specification 
Water soluble chloride l.on!X>n~~t ..... S 
Acid soluble sUWatfcoh!entSO;" 11:::: .as ~ 1::; 
Total sutfur contert("M '0>~t' ',d: ""' \L iLpt "as :4it1'" 
Methylene Slue (MS) SS EN 933-9 
micrc>-Deval SS EN 1097-1 
Los Angeles . SS EN 1097-2 
Polished StoneValue SS EN 1097:.8 
Individual Test Certificates Can Be Supplied On Request 
UKAS Certificates unless slated otherwise 
Note. Information identified in italic as been superseded 
BHewson 
Technical Officer 
Bardon Aggregates 
Date: • May 2004 
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Sardon Hill Quarry 
Coalville 
Leices~rshlre 
LE61TL 
Telephone: 01530 510066 
Value 
2.78 
2.79 
2.82 
0.5% 
2.0 
10 
11 
290 
300 
3.1 
<0.01% 
<0.1)1% .. 
0.01% 
TBA 
0.5 
13 
11 
60 
AppendixD Plotting formulas for selected families of distributions (Michael and Schucany. 
1986) 
Distribution CDF. F(x) Horizontal axis Vertical axis (Ordinate) 
(Abscissa) 
Uniform x-Il Xi Pi 
a 
Normal Ql( X~1l J Xi Qljl(Pi) 
LognormaJ QlCn Xa-Il J In(xi) Qljl(Pi) 
Exponential 
I-exp[ -( X~IlJ] ,i In[lI(l-Pi)] 
Extreme value 
I-exp[-exp( X~IlJ] Xi In{ln[l/(l-Pi)]} 
Weibull 
I-exp[(; r] In(xi) In {In[ll(1-pi)]} 
Laplace (I (,-") Xi 1 I Z·exp -;;- .x~1l In(2pil,pi ~-
In[1I(2-2P)]'P: ;::~ 1 x-Il 
I-zexp( --;;-J.x > 11 
Logistic 
Y[I+exp( - X~~ J] Xi In[p;!(l-Pi)] 
Cauchy 1 1 (X-IlJ " 
tan[n{pi -~JJ -+-·arctan --2 n (J 
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Appendix E Plotting positions (z) using expected values of standard normal order statistics 
for normal probability plotting (N:::SO) (D' Agostino, 1986) 
Note: N=sample size, i = observation number 
*z for order statistic Xi where i>N/2 and -2 of order statistic Xj where j=N+ l-i 
N 3 4 5 6 7 8 9 10 
i 
1 -0.85 -1.03 -1.16 -1.27 -1.35 -1.42 -1.49 -1.54 
2 0.00 -0.30 -0.50 -0.64 -0.76 -0.85 -0.93 -1.00 
3 0.00 -0.20 -0.35 -0.47 -0.57 -0.66 
4 0.00 -0.15 -0.27 -0.38 
5 0.00 -0.12 
N 11 12 13 14 15 16 17 18 
1 -1.59 -1.63 -1.67 -1.70 -1.74 -1.77 -1.79 -1.82 
2 -1.06 -1.12 -1.l6 -1.21 -1.25 -1.28 -1.32 -1.35 
3 -0.73 -0.79 -0.85 -0.90 -0.95 -0.99 -1.03 -1.07 
4 -0.46 -0.54 -0.60 -0.66 -0.71 -0.76 -0.81 -0.85 
5 -0.22 -0.31 -0.39 -0.46 -0.52 -0.57 -0.62 -0.66 
6 0.00 -0.10 -0.19 -0.27 -0.34 -0.40 -0.45 -0.50 
7 0.00 -0.09 -0.17 -0.23 -0.30 -0.35 
8 0.00 -0.08 -0.15 -0.21 
9 0.00 -0.07 
N 19 20 21 22 23 24 25 26 
i 
1 -1.84 -1.87 -1.89 -1.91 -1.93 -1.95 -1.97 -1.98 
2 -1.38 -1.41 -1.43 -1.46 -1.48 -1.50 -1.52 -1.54 
3 -1.10 -1.13 -1.16 -1.19 -1.21 -1.24 -1.26 -1.29 
4 -0.89 -0.92 -0.95 -0.98 -1.01 -1.04 -1.07 -1.09 
5 -0.71 -0.75 -0.78 -0.82 -0.85 -0.88 -0.91 -0.93 
6 -0.55 -0.59 -0.63 -0.67 -0.70 -0.73 -0.76 -0.79 
7 -0.40 -0.45 -0.49 -0.53 -0.57 -0.60 -0.64 -0.67 
8 -0.26 -0.31 -0.36 -0.41 -0.45 -0.48 -0.52 -0.55 
9 -0.13 -0.19 -0.24 -0.29 -0.33 -0.37 -0.41 -0.44 
10 0.00 -0.06 -0.12 -0.17 -0.22 -0.26 -0.30 -0.34 
11 0.00 -0.06 -0.11 -0.16 -0.20 -0.24 
12 0.00 -0.05 -0.10 -0.14 
13 0.00 -0.05 
--------------------------------
N 27 28 29 30 31 32 33 34 
i 
9 -0.48 -0.51 -0.54 -0.57 -0.60 -0.62 -0.65 -0.67 
10 -0.38 -0.41 -0.44 -0.47 -0.50 -0.53 -0.56 -0.58 
11 -0.28 -0.32 -0.35 -0.38 -0.41 -0.44 -0.47 -0.50 
12 -0.19 -0.22 -0.26 -0.29 -0.33 -0.36 -0.39 -0.41 
13 0.09 -0.13 -0.17 -0.21 -0.24 -0.28 -0.31 -0.34 
14 0.00 -0.04 -0.09 -0.12 -0.16 -0.20 -0.23 -0.26 
15 0.00 -0.04 -0.08 -0.12 -0.15 -0.18 
16 0.00 0.04 -0.08 -0.11 
17 0.00 -0.D4 
N 35. 36 37 38 39 40 41 42 
1 -2.11 -2.12 -2.13 -2.14 -2.15 -2.16 -2.17 -2.18 
2 -1.69 -1.70 -1.72 -1.73 -1.74 -1.75 -1.76 -1.78 
3 -1.45 -1.46 -1.48 -1.49 -1.50 -1.52 -1.53 -1.54 
4 -1.27 -1.28 -1.30 -1.32 -1.33 -1.34 -1.36 -1.37 
5 -1.13 -1.14 -1.16 -1.17 -1.19 -1.20 -1.22 -1.23 
6 -1.00 -1.02 -1.03 -1.05 -1.07 -1.08 -1.10 -1.11 
7 -0.87 -0.91 -0.92 -0.94 -0.96 -0.98 -0.99 -1.01 
8 -0.79 -0.81 -0.83 -0.85 -0.86 -0.88 -0.90 -0.91 
9 -0.69 -0.71 -0.73 -0.75 -0.77 -0.79 -0.81 -0.83 
10 -0.60 -0.63 -0.65 -0.67 -0.69 -0.71 -0.73 -0.75 
11 -0.52 -0.54 -0.57 -0.59 -0.61 -0.63 -0.65 -0.67 
12 -0.44 -0.47 -0.49 -0.51 -0.54 -0.56 -0.58 -0.60 
13 -0.36 -0.39 -0.42 -0.44 -0.46 -0.49 -0.51 -0.53 
14 -0.29 -0.32 -0.34 -0.37 -0.39 -0.42 -0.44 -0.46 
15 -0.22 -0.24 -0.27 -0.30 -0.33 -0.35 -0.37 -0.40 
16 -0.14 -0.17 -0.20 -0.23 -0.26 -0.28 -0.31 -0.33 
17 -0.07 -0.10 -0.14 -0.16 -0.19 -0.22 -0.25 -0.27 
18 0.00 -0.03 -0.07 -0.10 -0.13 -0.16 -0.18 -0.21 
19 0.00 -0.03 -0.06 -0.09 -0.12 -0.14 
20 0.00 -0.03 -0.06 -0.09 
21 0.00 -0.03 
N 43 44 45 46 47 48 49 50 
-2.19 -2.20 -2.21 -2.22 -2.22 -2.23 -2.24 -2.25 
2 -1.79 -1.80 -1.81 -1.82 -1.83 -1.84 -1.85 -1.85 
3 -1.55 -1.57 -1.58 -1.59 -1.60 -1.61 -1.62 -1.63 
4 -1.38 -1.40 -1.41 -1.42 -1.43 -1.44 -1.45 -1.46 
5 -1.25 -1.26 -1.27 -1.28 -1.30 -1.31 -1.32 -1.33 
6 -1.13 -1.14 -1.16 -1.17 -1.18 -1.19 -1.21 -1.22 
7 -1.02 -1.04 -1.05 -1.07 -1.08 -1.09 -1.11 -1.12 
8 -0.93 -0.95 -0.96 -0.98 -0.99 -1.00 -1.02 -1.03 
9 -0.84 -0.86 -0.88 -0.89 -0.91 -0.92 -0.94 -0.95 
10 -0.76 -0.78 -0.80 -0.81 -0.83 -0.84 -0.86 -0.87 
11 -0.69 -0.71 -0.72 -0.74 -0.76 -0.77 -0.79 -0.80 
12 -0.62 -0.64 -0.65 -0.67 -0.69 -0.70 -0.72 -0.74 
13 -0.55 -0.57 -0.59 -0.60 -0.62 -0.64 -0.66 -0.67 
14 -0.48 -0.50 -0.52 -0.54 -0.56 -0.58 -0.59 -0.61 
15 -0.42 -0.44 -0.46 -0.48 -0.50 -0.52 -0.53 -0.55 
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N 43 44 45 46 47 48 49 50 
i 
16 -0.36 -0.38 -0.40 -0.42 -0.44 -0.46 -0.48 -0.49 
17 -0.29 -0.32 -0.34 -0.36 -0.38 -0.40 -0.42 -0.44 
18 -0.23 -0.26 -0.28 -0.30 -0.32 -0.34 -0.36 -0.38 
19 -0.17 -0.20 -0.22 -0.25 -0.27 -0.29 -0.31 -0.33 
20 -0.12 -0.14 -0.17 -0.19 -0.21 -0.24 -0.26 -0.28 
21 -0.06 -0.09 -0.11 -0.14 -0.16 -0.18 -0.21 -0.23 
22 0.00 -0.03 -0.06 -0.08 -0.11 -0.13 -0.15 -0.18 
23 0.00 -0.03 -0.05 -0.08 -0.10 -0.13 
24 0.00 -0.03 -0.05 -0.07 
25 0.00 -0.02 
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Appendix F Compilation of interface shear strength datapoints from available databases 
Number of datapoints 
PEAK RESIDUAL 
GAl -LAP Fowmes TOTAL GAl -LAP Fowmes TOTAL 
(2005) (2004) (2005) (2004) 
Geosynthetic vs Non Cohesive Soil 
1 GCl - NonCohesive Soil 1 0 1 1 0 1 
2 GC - NonCohesive Soil 14 75 89 10 75 85 
3 NW-NP-GTX - NonCohesive Soil 290 510 783 117 126 187 
4 SHOPE - NonCohesive Soil 137 140 255 98 56 128 
5 SOther GM - NonCohesive Soil 0 68 68 0 15 0 
6 THOPE - NonCohesive Soil 218 179 264 200 161 226 
7 TOther GM - NonCohesive Soil 8 46 54 8 30 38 
8 Woven - NonCohesive Soil 81 51 132 28 0 28 
Geosynthetic vs Cohesive Soil 
1 GCl - Cohesive Soil 0 20 20 0 20 20 
2 GC - Cohesive Soil 0 30 30 0 30 30 
3 NW-NP-GTX - Cohesive Soil 89 158 247 28 62 81 
4 SH OPE - Cohesive Soil 125 166 203 76 219 203 
5 SOther GM - Cohesive Soil 0 43 43 0 18 18 
6 THOPE - Cohesive Soil 311 190 425 168 172 278 
7 TOther GM - Cohesive Soil 0 48 48 0 42 42 
8 Woven - Cohesive Soil 34 12 46 16 0 16 
Geosynthetic vs Geosynthetic 
1 GC- GCl 0 26 26 0 26 26 
2 GN - Nonwoven NP GTX 19 0 19 0 0 0 
3 SHOPE - GC 6 10 16 6 10 16 
4 SHOPE - GN 55 66 112 19 51 61 
5 SHOPE - Gundseal 12 0 12 12 0 12 
6 SHOPE - NW-NP-GTX 74 99 150 48 81 107 
7 SH OPE - Woven 6 0 6 0 0 0 
8 SOther GM - NWGT 0 71 71 0 11 11 
9 THOPE - GC 131 36 167 127 36 163 
10 THOPE - GCl 120 72 192 132 80 194 
11 THOPE - Gundseal 25 4 29 23 4 27 
12 THOPE - NW-NP-GTX 199 338 524 138 143 270 
13 THOPE - Woven 8 1 8 8 0 8 
14 TOther GM - NWGT 0 39 39 0 39 39 
15 THOPE - GN 0 0 0 15 0 15 
Internal 
1 GC 0 0 0 0 0 0 
2 GCl 103 116 219 77 85 162 
Note: GAl-LAP stands for Geosynthetic Accreditation Institute-Laboratory Accreditation Program 
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Appendix G Histograms and probability plots ofTGM-fines interface shear strengths 
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Appendix H Histograms and probability plots of NWGT -TGM interface shear strengths 
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Appendix I Histograms and probability plots of NWGT -coarse interface shear strengths 
NWGT-COARSE - Laboratory repeatability testing programme 
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Appendix J Probability point of skewness for n=5 to 175 (D' Agostino, 1986b) 
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ay O.3M ~·a95 0.41' 0.5'15 0.6«6 
44 0,482 O. fKI4 0.685 D.8:35 0.943 
98 O.Sl)3 0.393 0.4'14 0.513 0.&42 
4. O.1Z8 0.!!53 0.6~a 0.826 0.934 • 98 Q.803 0.391'· 0.472 0.570 O.6SU 
0.424 0.c.4 100 0.300 0.300 0.4!0 0.561 
0.000 
46 O.SSS . O.67~ 0.818 
47 0.420 0.648 0.666 O.SlO 0.91,6 
102 0.Z97 0.386 OM465i 0.562 0.630 
.8 0.416 0.1142 0.629 0..,503 0.000 104 0.Z95 0.388 0.461 
0 •• 56 O,G?A 
40 6 .. 4U 0.536 0.653 0.V06 MillS 106 0.292 0.679 
0.45'1 C.SS1 0.618 
60 0.409 D.I3M 0.6018 O.7~S 0.8119 108 0.260 1).376 0.453 0.646 
D.612 
llC O.2M 0.S73 0.440 0.541 0.607 
0.405 . 0.029 0.1142 O.vSi 51 0.8111 
i!2 D.403 0.025 0.628 0.~?4 O.MB U2 O.ts. 0.369 0·"{5 '.6S6 0.601 
r.:t 0.300 0.620 O.6U 1),'76'1 0.865 
11< O.ZS3 0.356 O.IA,u O.53Z 0."-'6 
64 0.305 0.516 0.626 O.~60 a.B!18 
116 0.100 0.36S 0.438 O.S17 0.591 
6. D.3U O·51~ o .• ~o 0.16. &.850 
118 0.21& 0.360 O.4U o.m fhGili! 
lZO O.2'14l (}~S'58 0.431 O.51~ &.S$l 
.6 a+889 o.oos 6.Gl. 0.'48 O.8U 122 0.274 0.355 {JI.5'lB 0.421 O.IS!'.!: 
51 0.89$ 0.61111 0.610 O.~42 ft.eM 1 .. 0.212 O.~52 0.0. a.lIlo 0.SY1 
5S 6.$S~ 0.560 0.&08 0.'311 0.009 US 0.2;10 0.$49- (}.411 0.306 O.G~f 
59 0.380 0.496 O~6Ctl O.~30 0.00l! uS o.~.e 0.S47 0.417 
1)~llOa 0 .... 
Jro 0.37$ 0 •• 92 O. tiOO 0.724 0.8l5 
,.. O.Ms O.S4!J. 0.-414 o.4e9 0.M8 
61 Q.376 0.4811 0.5'& D.ns 0.809 ". 0.2114 
C.Ma 0.411 Od$E O.SS< 
Ba 0.3'12 0.485 O.$Be 0.713 0.803 134 0.262 
O.1I39 O.-4M '."91 1).550 
0.370 o.48~ 11.688 Q.7~ D.'9! 
lB_ 0.2S0 O.!>!7 0.405 o •• es 0.54.6 
3lI 13B 0.268 0.3.1$ 0.403 (I.d" 0.042 
64 0.361 0.476 0.5'19 0.702 0.791 lMI 0.251 ~.SlIJ! O.£Xl 0 • .4$1 g.$U 
06 0;365 O.~15 O.~1~ 0.69'1 0.709 14~ 0.155 G.sso ~"lI7 HIT O.U.f 
!KI 0.362 ~.4'l2 0.571 O.6Q2 0.779 1<' 0.21mC 0.328 Q.3;).o 0.474 Q.630 
01 0.360 O.46ij O.6!1'/ ~.aa7 0.'114 148 O.M.2 0."$ 0.300 o.oH 0.02$ 
6a 0.357 O.46li 0.562 O.BM o.ye~ 
H8 o.z" •• 31'4 0.389 ••• 68 O.~3 
69 0 •• 11<1 0.462 O.6~9 0.6T8 0.7G3 
1$0 0:'<$ 0.32: 0.381' o ••• s ~.519 
'/0 0.363 0.469 0.550 0.678 0.758 1&6 D.Z'fi 0.317 •. $81 0.457 {J.51;1, lOO D<.!~41 O.:na 0.$16 0.(;0 •• S03 
71 G .. 351 0..456 O.5il2 ~.609 O.7S~ U5 O~2S8 0.'0" O.Z59 0.H3 C."l95 
72 0.M8 O.{63 0,648 0.004 V.HT 110 il~:at 0.303 0.!l04 0.437 o."sa, 
n 0.346 0.451 0.545 0.660 O.if>l2 17" O.2Z1 ().~99 0.3119 0.4$0 0.4!i1 
7' 0,'44 0.448 0.541 0 .. 666 0.7S1 
15 0.342 0.4415 C.!lS8 0.651 a.ns 
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Appendix K Probability point of kurtosis for n=7 to 200 (D' Agostino, 1986b) 
~.u. 
" 
Ptolre..,w". 
,5 1 Z.5 S LG 15 M IMl IMl 90 9. ~,,~ 00 99.S 
T 1.25 1.80 1.34 1.41 1.13 1.~O 2.78 3.20 8.55 !.B. S.98 4.211 
8 1.31 1,3'] 1·40 1.4,5 1.5S i.7s :I.. Ill. $.S!. 8.~Q 4.09 '4~M '.M 9 I.BS .. ~, 1. .. 45 1.,53 1.611 l.!l() 2.9B 3.43 3.l!8 4.2$ 4'.41 •• 62 
10 1.39 ' 1.4.5 1 .. 49 1.5$ l.aS 1.81 $.01 a.13 S.3. 4.4~ o!J .. 6S 5.00 
12 1:. 46 1.62 1.56 I .• ' 1.78 1.00 1l.00 a.5O 4.Oi ~.58 ' 4.'3 5.:W 
15 1. :;:; 1.61 1.6( 1.12 1.84 2.01 a.la 3.62 4.13 4.66 4.$5 $.$0 
20 1.64 1·71 1.13 1.62 1.9. 2 .. ';2 3.20 $.(;8 4.18 4.'S 4.81 5.88 
20 1.56 1.6! 1·'5 I.sa 1.95 t.o. S .. U 3.20 3.10 5.68: 4.1S 4.U. l.aS 5.91 25 I.C& l.,i 1.82 1.92 2.03 ~.13 a.2b 3 • .24 3.43 3.69 4.~ 4.63 5.29 5.81 
80 1.Y3 1.79 l,. 89 1.9$ 2,10 2.19 Z.26 3.26 3.44 ll.SS 4.12, 4.57 S.20 ~.G9 
3S 1.7!! l.84 1.e' 2.0~ 2.15 2.24 ~.st ~.28 3.45 3.68 4.0. 4.51 S.U G.n 
40 1.$8 l.~ I.SII 2.01 $.19 2.28 2.SS ~.2.ll 3.45 :S.eu •. oa 4;1$ 5.lI4 5.48 
-15 ,].8'l 1.93 2.~3 2.U 11.23 •. al 2.$.!, 3.ZS S .... 3.5:; 4.0! 4.41 4.00 5.38 
$~ 1.91 1.00 2·~6 2.)5 2.26 2.M 2,,41 a.zs 3.44 3.63 4.00 4.a. •• SS 5.~S 
5~ 1.94 2,.00 2.00 Z.18 2.2ll 2.~, 2·44 3,M &.43 3~62 3.9'1 4:U '.~1 5.19 
eQ 1.91 ;.03 z.u 2.21 2.:12 2.~9 !.4t 3.29 3.43 8. Ill)' 3.114 •• 28 4.75 5.11 
66 !.OO Z+M 2.15 2.ZB 2.34 ~.41 2.48 3.26 ~.43 3*59 S.91 4.24 4.es 5.03 
70' 2.D2 2.()!1 a.IT .2 • .25- ~.OO 2.43 2.50 3.28 3.41 3 •• 8 3 .. eg 4.20 4.&4 4.97 
7li 2.05 2.10 2.19 2.27 2.88 2.45 2 .. 51 3.2$ 3.n 3.5'7 3.5'7 4.17 4.59 4..90 
00 2.07 3.12' 2.21 2~29 2.39 2.411, 2.5! 3.27 $.40 3.56 ~.s. 4.14 .j.54 4..84 
85 2.0S 2.).4, .t.2:2 2.31 2.41 2.&8 2.1;4 3.27 3.39 $.M; 8.$3 •• 11 '.00 4.79 
~o 2.1J) ~.lS z.~ 2.32 2.43 2.4& a.55 a.27 3.39 a.M a.8J. 4.QS •• 45 4.'4 
95 1.11 2.17 2.20 ' 2~_a4- 2.44 Z.50 2.1>6 :I.~'1 3.38 3.5t BoI!O 4.06 4.43 4..70 
100 z.l.Jl ,:&.19 2.21 ~;lS 1 .. 4. 2.52 2.5'7 ~.as 3.3'1 B.G2 3. \'I! 4.~3 •• as 4 •. es 
lO.O !I.la 2.18 3.21 8.35 2.45 2.52 ad!? 3.2$ 3,37 S.39 3.78 4.08 4.80 4.e& 
110 E.1S 2.22 l.re 2./)' 1Il~4'1 $.39 2.59 :3.26 s.n a.51 3.75 3.!>li 4.82 4 .. 58 
120 20.18 2.a~ 2·32 .2.39 2.49 2.55 2.61 $.25 8.85 ~.49 3.12 3.95 •• 26 4.52 
180 2.20 2.%& 2.3~ 2.41 2.51 2.57 2.433 3.25 3.34 3.4.~ a.?o $.92 . 4.21 , '.46 
1<10 s.n 2.2S 2.36 2.~4a :.52 2.5a 2.1;4 3.25 3.33 3.« 3.61 3.89 •• 17 4.41 
1S0 2.24 2.30 2.$1 2.45 2.54 ~~60 g.es 3.~ $.M 3.4& S.U $.S& 4.13 4.36 
160 2.26 1.32 2-~39 2.46 Z.~5 2.61 2.66 2.24 $.32 3.41 $.6$ S. S8 4.09 4 .. 81 
170 2.28 2.33 2.40 2.45 2 ••• 2.33 j.6'I 3.23 S.S~ 3.43 3.62 3.$1 •• us 4.;27 
100 %.29 2.35 !~41 2.49 ~.S'I :.63 2.SS 3.::3 3.31 $.~ &.eo 3 .. 79 •• 03 4.23 
100 2.31 2.36 2.~3 s.w 2.$B 2.64 .2.69- 3 • .2.2- 3.30 3.<1 3.S~3.n 4.00 4.1& 
206 2.22 2.37 J.44 .2.$1 2.1>6 2.~ 2.'11) 3.22 3.30 3.40 3.5'1 ~.,a 3.SS -'.16 
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Appendix L Taylor's series approximation for Coulomb failure envelope 
General formulation: 
(M.!) 
[( ay )2 ] [ay ay ] Var[Yl= 2: - VarXi +22: ---cov(Xi,X j) aX i aX i ax j (M.2) 
where cov is covariance defined using correlation coefficient (PXy) and standard deviation (oj 
by: 
COy = PXyO"xO"y (M.3) 
Peiformance function - Coulomb failure envelope: 
(MA) 
Derivatives of 1: 
ar = I ar 
aa 'a(tan8) (M.S) 
Substitution of(M.5) into (M.l) and (M.2): 
I a2r 
E[rl = E[al+ O"n E[tan8] + _., cov(a, tan 8) 
2 auo(tan 8) 
(M.6) 
2 ()2 [ ] ar ar ar ar Var[rl=(-) Var(a)+ 8) Var(tan8)+22:"\ cov(a,tan8) (M.7a) 
da d(tan aa a(tan 8) 
Var[rl = Var(a) + O";Var(tan 0) + 2(1)(0" n )cov(a, tan 0) (M.7b) 
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Appendix M Distribution of /) and 0: for numericallandfill analyses 
TGM·FINES: /) distribution 
20.0 O.SO 0.30 
15.0 ~ 0.60 0.25 
.fi' § 0.20 
:g 10.0 ~ 0040 ~ 0.15 
.0 
'8 £ 0.10 8 5.0 0.20 0.. 0.. 0.05 
0.0 " 0.00 0.00 ..r k.... 
13.6 14.0 14.4 17 18 19 20 21 17 19 21 23 25 27 
8@0.5mm(") B@3.5mm(,,) 1i@7.5mm(") 
0.30 0.60 0.80 
0.25 0.50 ~ 0.60 g 0.20 f 0.40 '" ~ 0.15 0.30 :g 0.40 
J; 0.10 J .g 0.20 
.g 
Jf 0.05 ilh ~ 0.10 ~ 0.20 Ih, 0.00 0.00 0.00 
15 17 19 21 23 25 11 12 13 14 15 16 17 10 11 12 13 14 
S@15.0mm(") /i@30.0mm(") S@60.0mm(") 
TGM· FINES: IX distribution 
0.80 2.50 
~ 0.60 ~ 2.00 
~ ~ 1.50 0.40 
.0 .0 1.00 £ 0.20 [ hl £ 0.50 0.00 0.00 
1.0 2.0 3.0 4.0 5.0 1.0 1.5 2.0 2.5 3.0 
u@6.6mm(kPa) u@9.Smm(kPa) 
TGM·NWGT: 8 distribution 
25.0 1.60 0.50 
,.., 20.0 § 1.20 ~ 0.40 also ~ 0.30 ." . ." 0.80 
.g 10.0 .c .0 0.20 0 £ ~ ~ 0.40 0.10 
...Jf ~ 0.. 5.0 
0.0 0.00 0.00 
11.0 11.4 11.8 19 20 21 22 22 24 26 28 30 
O@O.Smm(') /)@3.0mm(") S@6.5mm(') 
0.80 1.00 1.50 
~ 0.60 ~ 0.80 g LOO ~ 0.40 ~ 0.60 :§ 
'8 .0 DAD '8 8 0.50 
0.. 0.20 0.. 0.20 0.. 
0.00 0.00 0.00 
15 16 17 IS 19 20 11 12 13 14 15 16 17 10 11 12 I3 14 
S@20.0mm(") 8@42.0mm(') 8@80.0mm (') 
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Appendix M Distribution of 0 and ex for numericallandfill analyses (contiriued) 
TGM·NWGT: ex distribution 
2.00 -r------, 2.50 -,-------, 
~ 2.00 g 1.50 
,. 1.50 1 1.00 1 1.00 0.50 
0.00 +--'.I.lfl.llJ.lI. 
3.5 4.0 4.5 5.0 5.5 
a@7.3mm(kPa) 
NWGT ·COARSE: (\ distribution 
35.0 -.------, 
30.0 
.i;' 25.0 
:g 20.0 
.0 15.0 
£ 10.0 n n 
5.0 U 11 
0.0 +-.......JUf-.II.--j 
16.6 17.0 1704 
/i@1.5mm(,,) 
0.60 -,------, 
0.50 g 0040 
{I 0.30 £ 0.20 j 
0.10 nn. 
0.00 -I--<"¥-Ll.lfJ.U.J';>=-...j 
28 30 32 34 36 
/i@30.0mm(") 
NWGT·COARSE: ex distribution 
1.20 -,----~--, 
1.00 g 0.80 
{I 0.60 £ 0040 rrl 1 
0.20 ~II h, 
0.00 -I-<<;LL't'-'..l,lly.LLl./ 
1.0 1.5 2.0 2.5 3.0 3.5 
a@28.6mm(kPa) 
g 
:g 
'8 
0.. 
0.50 A tlL 
0.00 f-dLlll.jJ.LUiliJ:l--J 
3.0 3.5 4.0 4.5 
a@10.9mm(kPa) 
1.60 
1.20 
0.80 
0040 
0.00 
29 30 31 32 33 
/i@6.5mm(') 
0.40 
~ 0.30 
~ 
,Q 0.20 
,\; 0.10 
0.00 
1.00 
~ 0.80 
~ 0.60 
A th 
26 28 30 32 34 36 
S@50.0mmC) 
£ 0.40 11, 
0.20 Jf 
0.00 -J--"%il.J,.UJLLll,LJJ.l.J...l 
0.0 1.0 2.0 3.0 
a@43.0mm(kPa) 
8-363 
0.80 
g 0.60 
:g 0040 
£ 0.20 ~ ~ 0.00 
30 32 34 36 
S@12.0mm(") 
0.30 
0.25 
g 0.20 
~ 0.15 
,\; 0.10 Imf 0.05 h,., 0.00 
24 26 28 30 32 
S@80.0mm(,,) 
38 
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AppendixN Tensile test results for TGM 
Textured HDPE GM (TGM) - Thickness of 2 mm 
Test no. Fty E, e.., u aty E.,.,,(P'~ E.,"*'''t) (N) (-) (-) (-) (N/mm') (N/mm ) (N/mm) 
1 258.60 17.52 16.14 0.45 25.03 193.71 222.77 
2 254.40 15.84 14.71 0.45 24.32 207.55 238.68 
3 281.10 16.28 15.08 0.45 26.96 224.09 257.70 
4 249.59 19.78 18.05 0.44 24.55 168.87 194.21 
5 253.70 17.91 16.47 0.45 24.62 186.54 214.52 
6 228.00 24.00 21.51 0.43 23.09 131.88 151.67 
7 234.00 27.00 23.90 0.43 24.16 123.39 141.89 
8 204.00 24.00 21.51 0.43 20.66 118.00 135.70 
9 228.00 21.00 19.06 0.44 22.62 146.89 168.92 
10 204.00 18.00 16.55 0.45 19.81 149.34 171.74 
11 198.00 21.00 19.06 0.44 19.65 127.56 146.69 
12 216.00 24.00 21.51 0.43 21.87 124.94 143.68 
13 210.00 21.00 19.06 0.44 20.84 135.29 155.58 
14 216.00 21.00 19.06 0.44 21.43 139.16 160.03 
15 210.00 21.00 19.06 0.44 20.84 135.29 155.58 
16 228.00 24.00 21.51 0.43 23.09 131.88 151.67 
17 222.00 24.00 21.51 0.43 22.48 128.41 147.67 
18 210.00 27.00 23.90 0.43 21.68 110.73 127.34 
19 210.00 27.00 23.90 0.43 21.68 110.73 127.34 
20 204.00 24.00 21.51 0.43 20.66 118.00 135.70 
21 216.00 30.00 26.24 0.42 22.72 105.06 120.82 
22 228.00 21.00 19.06 0.44 22.62 146.89 168.92 
23 228.00 21.00 19.06 0.44 22.62 146.89 168.92 
24 210.00 21.00 19.06 0.44 20.84 135.29 155.58 
25 210.00 24.00 21.51 0.43 21.26 121.47 139.69 
26 228.00 21.00 19.06 0.44 22.62 146.89 168.92 
27 210.00 21.00 19.06 0.44 20.84 135.29 155.58 
28 222.00 27.00 23.90 0.43 22.92 117.06 134.62 
29 210.00 21.00 19.06 0.44 20.84 135.29 155.58 
30 222.00 21.00 19.06 0.44 22.03 143.02 164.47 
31 216.00 21.00 19.06 0.44 21.43 139.16 160.03 
32 228.00 24.00 21.51 0.43 23.09 131.88 151.67 
33 210.00 27.00 23.90 0.43 21.68 110.73 127.34 
34 222.00 36.00 30.75 0.41 24.19 94.38 108.53 
35 246.00 24.00 21.51 0.43 24.91 142.30 163.64 
36 240.00 24.00 21.51 0.43 24.30 138.82 159.65 
37 246.00 24.00 21.51 0.43 24.91 142.30 163.64 
38 222.00 24.00 21.51 0.43 22.48 128.41 147.67 
39 222.00 24.00 21.51 0.43 22.48 128.41 147.67 
40 262.80 16.10 14.93 0.45 25.17 211.46 243.18 
41 250.80 16.10 14.93 0.45 24.02 201.80 232.07 
42 268.80 15.50 14.41 0.45 25.63 223.44 256.96 
43 272.40 15.50 14.41 0.45 25.97 226.43 260.40 
44 268.80 15.50 14.41 0.45 25.63 223.44 256.96 
45 258.00 16.10 14.93 0.45 24.71 207.59 238.73 
46 258.00 16.70 15.44 0.45 24.82 201.22 231.40 
47 261.60 16.70 15.44 0.45 25.17 204.03 234.63 
48 274.80 16.70 15.44 0.45 26.44 214.32 246.47 
49 273.60 16.70 15.44 0.45 26.32 213.39 245.39 
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Appendix 0 Tensile test results for NWGT 
Non-woven needle-runched geotextile (NWGT) 
Test no. Thickness FlY Et En. 1.) O"IY E.,"'(P'i EIseC(deSi~) (mm) (N) (-) (-) (-) (N/mm2) (N/mm) (N/mm ) 
1 6.54 13.25 74.65 55.76 0.24 13.52 25.73 38.60 
2 6.54 12.75 74.61 55.74 0.24 13.00 24.76 37.14 
3 6.54 12.77 87.86 63.05 0.23 13.39 22.43 33.65 
4 6.54 12.01 73.14 54.89 0.24 12.21 23.62 35.43 
5 6.54 12.64 71.60 54.00 0.24 12.80 25.20 37.79 
6 9.03 13.35 101.76 70.19 0.22 10.39 15.58 23.36 
7 9.03 15.57 95.56 67.07 0.23 11.99 18.84 28.27 
8 9.03 14.10 113.41 75.80 0.22 11.18 15.47 23.21 
9 9.03 12.63 108.51 73.48 0.22 9.93 14.20 21.31 
10 9.03 13.31 103.70 71.15 0.22 10.39 15.36 23.04 
11 9.03 13.94 104.75 71.66 0.22 10.90 16.00 24.00 
12 9.03 13.12 122.74 80.08 0.21 10.55 13.80 20.69 
13 9.03 14.74 99.86 69.24 0.22 11.43 17.39 26.08 
14 9.03 12.65 124.02 80.66 0.21 10.19 13.22 19.83 
15 9.03 13.67 102.66 70.64 0.22 10.65 15.87 23.80 
16 9.03 13.04 106.49 72.51 0.22 10.23 14.83 22.25 
17 9.03 13.75 123.46 80.41 0.21 11.06 14.41 21.61 
18 9.03 12.97 127.16 82.05 0.21 10.49 13.37 20.06 
19 9.03 13.64 95.69 67.14 0.23 10.51 16.50 24.74 
20 9.03 13.33 108.25 73.36 0.22 10.49 15.02 22.53 
21 9.03 13.55 117.46 77.68 0.21 10.81 14.59 21.89 
22 9.03 12.82 101.77 70.20 0.22 9.97 14.95 22.43 
23 9.03 13.24 107.58 73.03 0.22 10.40 14.97 22.45 
24 9.03 13.15 106.04 72.29 0.22 10.31 14.99 22.48 
25 9.03 12.61 108.04 73.26 0.22 9.92 14.23 21.34 
26 6.61 11.46 91.46 64.95 0.23 11.98 19.47 29.20 
27 6.61 14.64 85.25 61.66 0.23 15.11 25.93 38.89 
28 6.61 12.84 85.30 61.68 0.23 13.26 22.73 34.09 
29 6.61 12.97 81.34 59.52 0.24 13.29 23.65 35.47 
30 6.61 11.95 75.25 56.11 0.24 12.08 22.86 34.29 
31 6.45 14.27 96.72 67.66 0.23 15.43 24.03 36.04 
32 6.45 12.96 97.10 67.85 0.23 14.02 21.77 32.65 
33 6.45 13.56 92.09 65.28 0.23 14.54 23.50 35.25 
34 6.45 13.76 72.91 54.76 0.24 14.19 27.52 41.29 
35 6.45 12.91 92.31 65.39 0.23 13.84 22.34 33.51 
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AppendixP Questionnaire template - Part lA: Bulk unit weight of waste 
IA-l 
lA·2 
IA·3 
IA-4 
IA-5 
lA~ 
lA·' 
QUESTIONNAIRE 1 A: BULK UNIT WEIGHT OF WASTE, 'Yw_ 
<waste + dally ortemporarv cover soli) 
0 .... Type of waste considered fs munfclpal solid waste (MSW), which includes d:lmestic and commercial refuse. *.~ 
•• Assume that the landfill is a dry tomb with leachate collection and drainage system Installed at base and cover layers" 
'NOT ALl. QUESTIONS NEED TO BE ANSWERED IF IT IS OUTSIDE YOUR EXPEATlSElEXPERIENCe* 
Assuming that there is a landfill project to be constructed, what value will 
you assign to the bulk unit weight ofwasie during initial design? 
Lowerbound value, L § kN/m") Most likely value (mode). M kN/m"3 Upper bound value, U kN/m"3 
ReasonS/Comments (e.g., what causes these variations): C In (lSsigning the upper and lower values. consider the ullcenainties in\IQlved in determining 1"""., e.g .. burial depth, 
leachate scenarios. waste constituents. compactioTJ effort. etc. 
If you have to assign a type of distribution to the bulk unit we-ight 01 
waste, what distribution type will you choose and what is the ~aoon fo I ±l 
the choice: 
Rcason(s)/Commcnt(s): 
In youropiruon, what is the probability that the bulk unit weight will be i 
the following intervals, p (unit in kN/m"3): 
(Pleasc answer Question (lA-I) before answering this question) 
pi (0.0) 
• 
p2 (0,0) ~~ ',,,;,',,,,,,,<»;,, "; p3 (0,0) "'00-">,>"",>,,',, p4 (0,0) ,;);; :""><",,, ,)',: pS (0.0) 
-=:! '" ',',"----'" ',-- .'" 
Will you increase, dec~a<IC or keep unchanged of your view on the most 
likely value of the bulk unit weight of waste in Question (lA-1), if the $t:lte the unit in %, • sign fOI decrease 
waste is deposited 30m below ground level? value. + sign for increase value, or leave 
I El 
blank if no change from Question (lA-l). 
1% 
If the waste constituents a~ divided into "incompressible and 
·"compresslble components, will you increase, decrease or State the unit in % •• sign for decrease 
keep unchanged with the most likely value given in Question (lA-!) value, + sign for inc~ase value, or leave 
for the following conditions? m-;;g, from ""'"""' (lA-I). 
- Incomp~ssible dominates compressible components ,$l 
• rnoomp~ssible e<jual to compressible components ID o % 
- Compressible dominates incompressible components , , !.I o % 
• /lICompressible components e.g. metals. construction l'IIbble. wood. leather. 
minerals. 
~* Compressible components e.g. organics. canlbord. flexible pl~stic, callS. 
Will you inc~ase, decrease orrcmain unchange with the Slale the unit in %,. sign forde<:~ase 
most likely value in QuestiOIl (tA-I) forthe following value, + sign for increase value. or leave 
conditions? blank if no change from Question (lA-l). 
With temporary cover soil I ::I 
1 
0 I: No temporary cover soil I ::I 0 
Do you agree with the range of values defined using the linguistic term I cl in TABLE I? 
Note thtU the lemge was dejil1ed more them 10 years ago. Since this time. the 
waste composition moy havealtered and stricter regu/tllwns may 1uIve been 
If 'NO', state new ranges for the corresponding linguistic term imposed. 
below: 
TABLE 1: Relationship between compact ion effort nod total unit TABLE 1': Relationship between compaction effort and tota] uni 
weiJlht of waste in kN/m~3 (Fassett et al •• 1994): weifilit of waste (In kN/m"3) 
Ungur;tic tenT! R."", A~"" St,,, Ci Ili.<licftmn Lower V !I4<>'I!ihJv Stdev 
Poo, 3.0-93 5.3 2.5 Poor 
Moderate 5.2-7.& 6.9 05 Moderate 
Goo' 8.8-10.5 9.6 0.' Good 
IA·& In your opinion, what are the values you will assign during initial design 
Leave blank if similar to Question (lA-I) for these landfill phases? 
Filling/Operation Lower bound value §g I "comments? (Uncapped condition) Most likely value Upper bound value 
Post-closure Lower bound value §g I Comment? (Capped with proper caver Most likely value soi/system) Upper bound value 
Biorenctor Lowerbound value § I Com~nt? (injectionirecircularion of Most likely value leachate) Upper bound value 
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unit weight of WlISle 
)'VUfnew assignment for these values for such ca~1 
Lower bound value, L 
Most likely value (m()dc), M 
Upper bound value, U 
kN/m"3 
kN/m"3 
IF:~':~:;:!~~';~:::~; fOf Questions (IA-S) to (IA-9), you may revise these rcSPODse1I using the tbwcmrt below III1d p~!lS It the updated most likely vaillfs represent your opinion. ''" , ,"~I', 
in the 'Output' oottOtlS (shaded in grey) for bulk unit weight if the slated values still do not represent your opinion a\x>ut the value 
·U initial desis.1I of a iandfill, after the 'CALCULATE' button is pre~sed. (DO NOT p~ss the 'CALCULATE' b"""""";~ 
REFERENCES 
Fassett, J. B., LeQnards, G. A and Rcpelto. P. c., 1994. Geotecllnicn\ ~rties of MSW IIDd Their Usc in LandfiU Design. 
In: Wasle Twh '94, Charlestoll, South CaroJioo. 13-14JJIJI. 
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AppendixQ Questionnaire template - Part 1B: Other engineering properties of waste 
IB-l 
lB-2 
18-3 
qUESTIONNAIRE' B: ENGINEERING PROPEt::iTIES 01 the waste 
(waste.,. dallVltemoorarv cover soli} 
Assume that there is a landfill project 10 be J:>roperty I Property 2 Pr_operty3 
constructed. For initial design, what value will you Friction CoiIesion Permeability 
assign to these properties of waste? I. '. k. (degree) (kPa) (m/s) 
Lower bound value, L 
Most likely value (mode), M 
Upper lwund value. U 
Reasons/Comments (In a'>Signing the bound values, 
consider the uncertainties in detenniIring these 
· 
properties e.g., influence of depth/stress level): 
· 
If you have to ass.ign the types of distribution to these 
waste properties, what distribution types will you ::J !:. ~ 
choose and what are the reason(s) for the choice: 
Reason(s)/Conunent(s): · 
. 
Property 4 
Constrained 
mOllulU6,D 
(kN/m"'2) 
it r 
If the major component of waste are divided into reinfOJ'l:ing component (e.g .• plastic, textile, metal and timber) and MSW paste 
(Le., compressible and incompressible components such as paper, food, yaro and animal waste), wiJJ you mcrease, d~rease or 
keep unchanged the most likely value given in Question (tB-I) if the am(lUnt of both components change? State the deviation 
(A in percentage) from the most likely value in Question (lB-i). 
State also your opinion level (p) ranging from 0 to 1 for each alteration: Zero indicating that it will not occur and 
one indicates that It wiN definitely ~ur (svmmation of p in each level of branches need not be equal to 1.0). 
Values In between 0 and 1 il'ldicate some level of uncertainty of it occurring based on your belief. 
In deciding p values, please consider th6 unCBrtainties that associated with these waste properties, such liS uncertainties 
contributed from different leachate scenarios (e.g., perched /eachate, /eachate on liner, etc.), applied stresses on wastes, etc. 
(Loav8 blank if you think is {"elsllenl) 
Property 5 
Hori7.ontai in-
.ituslrcss, k. 
(-) 
!.::. 
w". 1 Friction angle, I coh";,,. Penneability, kw 1 Constrained Horizontal in- J constituents (wc) ~. '. modulus, D situ stress, k" (degree) (kPa) (mls) kN/m"2) (-) 
Please select Plea'le select Please sel~t Plea'le select Plell.'Ie select 
Reinforcing element 
• 0 • t=l • 0 • 0 • D dominates MSW paste p p p p P 
MSW paste dominates I PleMe select Please select Plea'!e select Please select Please select 
reinforcing element • 0 • t=l • 0 • D • 0 p p p p P 
(84 ~_'"f""'"'r'h~'''' ... r--r-- r-- r--
lB·5 Will you asSign similar most likely value in Question OB-I Pro , I I'< n 2 Pro eft 3 1'<0 n 4 1'<" , 
for these phases of a landfi11 during initial design? Friction Cohesion Permeability Constrained Hori7.ontal in-
Note tlu/t most of the engineering properties (Ire depemfen( of/he ~. '. k" rmxIulus,D Situ8/l'e8'.Jc. 
applied nonna/ stresses. 0 (kPa) (mts) (kN/m"2) (-) 
OperationlLandfilIing Please select Please select Please select PI~a.'\C setect Please select 
Post-closure (completion of degradation) Plea.~ select Please select Please select Please select Please select 
Bioreactor Please select Pleru;e select Please select Pka.«:selcvr Plc~ St'!ecl 
lE .. In YOW' opinion, what is the likely percentage of deviation Pro I Propeny2 Pro ert 4 Pro" , Property 6 
from Question (1B-l) that you would consider during design Friction Cohesion ~rmeability O:mstraineo:i Horizontal in-
fOf such phases? I. '. k. modulus, 0 silu stress, k. (State the unit io %, • sign for decrease value, '+ sign fo 0 (kPa} (mls) (kN/m"2) (-) 
increase value, or leave blank if similar) 
Operation/Landfilling Lowerbound 
Most likely value 
Upper bound 
Post-closure Lower bound 
(completion of degradation) Most likely value 
Upper bound 
Bioreactl)l' Lower bound 
Most likely value 
Upper hound 
lB-7 Any comments or reasons ,'" on ""h changes? 
uncc:rtainty fuctOIli that influence tlr change) 
-
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Appendix R Questionnaire template - Part 2: Interfaces 
QUESTIONNAIRE 2: INTERFACES 
'NOT ALL QUESTIONS NEED TO BE ANSWERED IF IT IS OUTSIDE YOUR EXPERTISE/EXPERIENCE' 
INTRODUCTORY NOTE 
This questionnaire explores the variations that are associated with interface properties (e.g., interface shear parameters, stress-strain). 
Assume that the interface shear strength parameters are obtained from direct interface shear tests with normal stresses (O'n) greater 
than 50 kPa, and are carried out in dry condition. The landfill type is above ground and raised. 
SECTION ONE· INTERFACE SHEAR STRENGTH 
2M l I:f the interface shear strength (1") is characterised 
into interf~e friction angle CB) and interface adhesion (a). 
will you include, exclude or might consider (e.g .. depending I !l 
on scenario) interface adhesion in the design? 
2·2 Can you elaborate on the reason(s)/assumption(s)!comment(s) on your 
I opinion in Question (2-1)? 
2·3 What minimum and maximum deviations (in percentage) from the mos 
likely value (e.g, obtain from testing programme) will you expect fo 
peak interface shear strength parameters between two geosynthetic 
materials (GSlGS)? Minimum(%) Maximum(%) 
Peak interface friction angle, Bp B to B Peak interface adhesion, Up to 
24 What uncenainty did you consider that might have resulted in the r- Statilti::a1 tttenainly(e.g., insufli:rnt nurrber oftests) 
deviations from the most likely value in Question (2-3)? r Mea~uerrent error 
(Tick multiple boxes if relevant) r Model uocenai1!y (e.g., lilear or oon- \irx!ar Couhnfl 
envelope) 
r lI1tJmnt varnbilly il geosynth::trs 
r Others (prase specify) 
I 
2·5 What do you think are the maximum and the mininum deviations from 
the most likely value for peak interface shear strength parameters 
between mineral (e.g. soil, soil mixture) and a geosynthetic matetia 
(mineral/OS)? Minimum(%) Maximum(%) 
Peak interface friction angle, Bp B to B Peak interface adhesion, op to 
U If the corresponding deviations for Questions (2-3) and (2-5) are 
different, can you state your opinion on why such differences occur 
(e.g .• more elements of uncertainty for certain interfaces)? 
2·7 Will you consider revising the range of deviations in Questions (2-3) I El and (2-5) if the interface shear tests are conducted at low norma 
"tresses (O'n<50kPa)? Q(1.3): GS/GS ---.9(1.5): Mineral/CS 
State the new range of deviations if they are different: Mill Ma> Min Ma> 
Peak interface friction angle, Bp 
Peak interface adhesion, op 
Any reason(s), assumption(s) and reason(s) for the opinion? I 
2·8 If the interface shear tests are conducted in submerged conditions, are I El you likely to revise the range of deviations given in Questions (2-3) and 
(2·5)1 
Q(1.3): GS/GS Q(I.5): Mlneral/GS 
State the new range of deviations if they change: Min Max Min Max 
Peak interface friction angle, Sp 
Peak interface adhesion, op 
2·9 In your opinion, are you likely 10 increase, decrease or keep unchanged 
the range of deviations in Questions (2-3) and (2-5) for large I :1 
displacement Interface shear strength parameters? 
Q(1.3): GS/GS Q(1.5): Mineral/CS 
State the new range of deviations if they change: Min Max Min Max 
Large displacement interface friction angle, Sw 
Large displacement interface adhesion, lXr.D 
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2·10 What type of distribution will you consider for both peak and larg 
displacement interface shear strength parameters? 
~ Po,k Interface friction angle, ~ Interface adhesion, IIp Large displ. Interface friction angle, Sw Interface adhesion, (lLD 
2-11 Can you comment OD yOIJI choice of distributions for Question (2-1 O)? I 
2-12 During initial deSign, what interface shear strength will you C Option 1: Peak shear strength throughout 
adopt for the weakest interface in the liner system beneath the r:: Option 2: Large displacement shear strength throughout 
waste body (i.e., high applied normal stresses), where the r:: Option 3: Peak@base.andlargedisplacement@sideslope 
slippage is considered to occur? r: 0Etion 4: Others <!~lease s~ify) 
I 
2-13 During initial design, what interface shear strength will you C Option 1: Peak shear strength throughout 
adopt fur the wellkest interface in the capping system (i.e., low 
applied normal stresses), where the slippage is considered C Option 2: Large displacement shear strengbt throughout 
to occur? r:: Option 3: Others (please specify) I 
2-14 What reasan(s) ar assumption(s) did you consider in determining the 
I interface shear strength parameters to use in design? 
2-15 What factor of safety (FS) will you most likely adopt for side slope 
and cover soil designs corresponding with the Options given in 
Questions (2-12) and (2-13)? I FS to. sid, sl!!P'1 FS for cover $Oil Option 1: Peak shear strength throughout I I Option 2: Large displacement shear strength throughout 
Option 3: Peak@base,andlargedisplacement @sideslope 
Option 4: Others ! I 
Nate,' Consequences of/allure for both system are different. 
2-16 Any reason{s)/assumption(s) or commenl(s) for the answer in Questio 
I (2-15)1 
2-17 To ensure geosynthetic integrity, what allowable strain (ea) and FS 
will you consider for a geosynthetic element on a side slope if they act 
as: E, FS~ 
Reinforcing component (e.g., geogrid) 
1 I: I I Non-reinforcing component (e.g., geomembrane, geotextile) 
Stale ea as percentage of the geos:,l-1lthetic ultimate tensile 
strain, and FS as a ratio of tensile strength ('ta) al e,. to Note lhat FS is usually selected to limit the tensile stress from 
the mobilised tensile forces ('Cm). developing in liner elements and hence, control strains in liner. 
2·18 Any reason(s)/assumption(s) or comment(s) for the answer in Questio I (2-17)? 
SECTION TWO- STIFFNESSES OF GEOSYNTHETICS 
2.19 What range of deviations from the most likely value do you think 
will occur for the secant tensile stiffnesses, that are obtained 
from tensile tests for the following geosynthetics? Minimum(%) Maximum(%) 
HDPE geomembrane (GM) B to B Non-woven geotextile (NWOn to 
2.20 Any reason(s)/assumption(s) or comment(s) for the range of variatio 
I given in Question (2-19)1 (e.g., thicker NWGT will have higherllowe variation because ... ) 
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QUESTIONNAIRE 3A: PORE WATER PRESSURES 
INTRODUCTORY NOTE 
The purpose of the questionnaire Is to elicit information regarding leachate conditions In a landfltl, on which little information exists. 
0 
0 
how was leachate 
how much are you willing 10 bet from £1 to £100 that the water is 
the corresponding source(s). 
r Rainfall percolation 
r Leachate generation 
r Initially from waste itself 
r Groundwater 
r Others (please specify with bet as well) 
Discontinuous leachate 
(saturation in waste body less than 50%) 
Perched leachate 
(saturation in waste body approaches 500/0) 
Leachate head on liner 
",,:~;;:.,'~::.:;:';~~~::~::;;I;; Leachate head with gas entrapment on liner 
s< Leachate under excess pore water pressure 
related to 
which can be quantified using parallel submergence ratio, PSR. defined as 
PSR=h,.lb, 
of the leachate and ht is the thickness of the cover soil. 
that there is a landfill project to be constructed. For initial 
value will you consider for PSR in capping layer? 
Lower bound value, L 
Most likely value (mode), M 
Upper bound value, 
FIG. 2: 
Defillidoll of 
probability it of being true" I l::l9 
have to assign the type or distribution to PSR, what di,trit'"tio~ r··-:::----,.,.".--,...,..,,...--------
yon ,hoose ,nd th' ""on fo< tb, rel,otion. I Comm,nt(,)/A,;,wnption(,)? 
pI (0,0) 
Op2 (0,0) 
Op3 (0,0) 
0p4 (0,0) 
o p5 (0,0) 
. climate, site hydrology, etc.)? 
pressures' waste, sources 
11.·· •. 
··········'··· .. ···· ...... ········• 
<£;:"'»1;:,<"" 
';:""""'''1;;'>:,(':; 
,:,'i::,:-::;;,>i";:i":! 
i";i':,";,,,,,,,,,,';:,,'! 
Comment(s)/Assumption(s)? 
r Rate of biodegradation 
r Climatic conditions (e.g., rainfall) 
r Injection of leachate 
rrom 1 to 10 the importance of these sources when estimating r GroWldwater penetration 
range on a basal liner system, with I being tb, I""t i,mp'ort,nt ,n,dl r Properties of drainage material 
most important. r Clogging of drainage layer 
r Wa<;te properties 
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3A-9 Will you increase, decrease or keep unchanged the most likely vaJue in 
Question (3A-4) for the following side slope angles? 
Category An le, V:H (degree) 
Mildslo 1:4.1:3(10°1020° 
Moderate si t:2 (21 0 to 30°) 
Steep slope 1:1 (31° 10 45Q ) 
Stare the deviation. 6.. from the most likely value in Question (3A-4), 
sign for decrease value. + sign for Increase value, or leave blank i 
similar. 
3A-IO Will you increase, decrease or keep unchanged the most likely value' 
Question (3A-4) for the following drainage conditions? 
No drain 
With drains at appropriate spacing and inclination 
State the deviation,.6., from the most likely value in Question (3A-4), -
sign for decrease value, + sign for increase value, or leave blank . 
similar. 
3A-ll Will you increase, decrease or keep unchanged the most likely value in 
Question (3A-4) with materials below as drainage layer? 
Fine gravel (sizes < iOmm) 
Coarse gravel (sizes> 2Omm) 
State the deviation,.6., from the most likely value in Question (3A-4), 
sign for decrease value, + sign for increase value, or leave blank i 
similar. 
3A-12 What minimum and maximum leachate beads (unit in metre) do you 
think that are likely to occur al the base of the liner during the following 
landf"ill phases? 
Filling/Operation 
(Uncapped condition) 
Post-closure 
(Capped with proper cover soil system) 
Bioreactor 
(irifectionlrecirculation of leachate) 
Can you comment on yOW' answers? 
3A-13 REVISION: 
Comment(s)/Asswnption(s)? 
s.··. " 
Comment(s)/Assumption(s)? 
Minimum Maximum 
L-__ -'Im to I Im 
C::===Jlm 10 I Im 
I Conunent(S)/AsSwnption(S)? 
88(% 0.0 0.0 
88(% 0.0 0.0 
Following the responses for Questions (3A-4) and (3A-9) to (3A-ll) to estimate PSR in capping system, you may revise these responses using 
the flowchan below and then, press 'CALCULATE' to determine whether the updated most likely values of PSR represent your opinion. 
Alternatively, changes can be made from their corresponding questions above. 
Slope inclination Drainage materials 
NOTE: Type PSR values in the 'Output' buttons (shaded in grey) if the stated values still do not represem your opinion about the values, that you will 
adopt during initial design of a landfill after the 'CALCULATE' button is pressed. (DO NOT press the 'CALCllLAlE' bullon again if you have type 
directly in the output column). 
3A-14 Any fmal comment(s)? 
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QUESTIONNAIRE 3B: EQUIPMENT AND PLANT LOADINGS 
INTRODUCTORY NOTES 
Purpose of questionnaire is to elicit information regarding forces exerted by contruction plant in a landfifl, lNhich can influence stability and 
integrity of engineering controls. 
38-1 In your opinion, what types of equipment are subjecting loads to cover soil Contruction plant 
liner system? Track mounted bull dozer 
Rank the importance with 1 indicating equipment subjecting the least 
severity, and 10 the most severity to the cover soil liner. 
If others, please specify and rank them as well. 
(Rank the loads in term a/severity imposed to the liner and NOT relative to 
each other) 
Rubber tired motor grader 
Compaction plant 
Tipping trucks fuII with waste or construction materials 
Others (please specify): 
38-2 What are the maximum and minimum deviations from the most likely value 
you will consider for the contact stress from equipment at a liner interface Minimum Maximum 
during initial design? (Uncertainty arises from equipment types and sizes, IL.. ____ --'I % to "1 ____ ---'1% 
3B·3 
footprint, and direction of travel) 
Any reasons, comments or assumptions in estimating these ranges? 
A distribution states all the possible values and their probability of being true fo 
the parameter'. In your opinion, what type of distribution will you choose fOl I 
the equipment downward force? 
Any reasons, comments or assumptions forchoo.~ing this distribution? 
3B·4 For equipment travelling upslope, will you consider the effect of braking? 
3B-5 
If "YES", what m,thod will Y'" uso to calcul", th' braking force ("g. I 
certain percentage of equipment's weight), and state the range of braking 
forces you will likely adopt for initial design, 
For equipment travelling downslope, what will you assign to the 
acceleration of the equipment for the initial design? 
Give the values in unit of g (g: acceleration due to gravity). 
Lower bound value, L 
Most likely value (mode), M 
Upper bound value, U 
Any reasons, comments or assumptions in estimating these values? 
3B·6 Given uncertainties in estimating equipment loads, what factor of safety 
g 
g 
g 
(FS) do you think is acceptable to ensure stability of the cover soil and the .--------,;1 .. '. 
integrity of the geosynthetic liner? I c L.I 
(excluding other detrimemal effects such as seepage and seismic forces, and 
Other FS value (SrcifY): 
I 
3B·7 
3B·8 
consequences offailure, etc.) 
Assuming that the consequences of failure due to equipment loads are .-_____ ..", 
high (e.g, the scale of project is large), but the probability of failure is I El 
low (e,g, slope of cover soil is low), will you increase, decrease or keep 
unchanged the FS given in Question (3B·6)? 
State your fluctuation (.:1) in FS from Question (3B·6) in percentage (Risk 
"" consequences * probability of occuring), 
Now, assuming that the consequences of failure due to equipment loads 
Reason( s )fComment( s)l Assumption(s)? 
are low (e.g. the scale of project is small), but the probability of failure rl------:g""; 
is high (e.g. slope of cover soil is steep), will you increase, decrease or keep 
unchanged the FS given in Question (3B·6)? 
State your fluctuation in FS (6.) from Question (3B-6) in percentage (assuming I 
similar risk level a~ Question (3B-7». 
Reason(s )fComment(s)l Assumption( s)? 
3B·9 Assuming that the risk level is higb (Le" consequences and probability 0 
failure due to equipment load are both high), will you increase, decrease, 01 I 
keep unchanged the FS given in Question (3B·6)? 
State your fluctuation in FS (.6.) from Question (3B·6) in percentage. 
IRcasO"(S )IComm,"l(s)1 Assumptio"( s)1 
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QUESTIONNAIRE 4: TOLERANCES IN CONSTRUCTION 
INTRODUCTORY NOTE 
This questionnaire explores the variations that might occur during landfill construction from the inHlal design. 
'-1 In your opinion, what is considered as small, medium and large scale landfill 
projects? Quantify the scale in tenns of landfill area (e.g. footprint). cost 0 AREA HEIGHT Construction cost 
construction OR I AND height of landfill. m" m US Dollar £ 
SMALL A rangeoj 
MEDIUM values are 
LARGE permitted 
'-2 In your opinion, what deviations from the planned side slope angle (6) ar Minimum Maximum 
likely to occur during the construction of the landfill? I 1% to c:::::J% 
State your opinion of minimum and maximum deviation, from the planned 
side slope angle in percentage. 
Any comment(s), reasou(,} or justificalion(s) on why such deviation could I 
occur (e.g., lack of CQA, site geology complication, etc.) 
4-3 Do you think the deviations given in Question (4-2) are likely be the same fo I SI cover/capping slope angle «(J,l)? 
If "NO", what deviations for cover/capping slope angle from the initial design Minimum Maximum 
will you consider likely to occur? I 1% to c:::::J% 
Any comment(s), rea~on(s) or justification(s) for such considerations? I 
.-. Will you consider similar deviation in slope angle, during construction fo Side slope angle Cover or capping angle 
different scale of landfill projects? I SI I i'l 
If "NO", what do you think will be the deviation from the plan, for sue 
landfills? Side slope angle Cover or capping angle 
Small scale landflll 
1 I: % Medium scale landfill 1% Large scale landfill % 
Can you state the reason(s) for the variation in deviation for different scale 0 I landfill pro'ect? 
'.5 In your opinion, what minimum and maximum deviations from initial Minimum Maximum 
planned landfill height are likely to occur during construction? I 1% to c:::::J% 
Any comment(s). reason(s) or justification(s) on why such deviation to occur? I 
4.6 In your opinion, what minimum and maximum deviation from initial thickness Minimum Maximum 
of cover soli (including drainage layer on side slope or capping layer) are likel I 1% to c:::::J% 
to occur during construction? 
Any comment(s), reason(s) or justification(s) on why such deviation to occur? I 
4_' In your opinion, what is the thickness of the waste 11ft normally adopted 
during operationllandfiUing (unit in metre, m)? 
1 I: Lower bound value, L Most likely value (mode), M Upper bound value, U 
What facton:s) did you considered in estimating the thickness of the waste lift? I 
'-8 What minimum and maximum allowable waste angle do you think: will occu 
at landfill site at closure (based on common practice, your past experience with Minimum Maximum 
landfill failures, research, etc.)? I 10 to c=Jo 
What facton:s) do you considered in estimating the critical waste angle (e,g., I 
waste properties, h~ight of landfjIJ, etc.)? 
.-. What types of distributions will you most likely assign to the followin 
geometries? §I Side slope angle, a Capping slope angle, 0) Landfill height Thickness of cover soil 
Thickness of waste lift 
Waste slope angle at closure r-·~--·-·----·---·.:::l 
4·10 Any comment(s), reason(s) or assumprion(s) related to your answers to 
Question (4-8)? 
.. . . ..... 
4-11 During initial design, what additionalload~ if any, will you consider for the 
calculation of stahm! and intef!l'ity of liner? 
4-12 In your opinion, how many Iaudfillliners out of every 10 land fills contructed, 
will be subjected to additional loads (e.g" stockpiles of cover soil material)? I I 
4-13 In your opinion, how many cases of instability in a landfiU have occurred due t 
removal of toe support? 1 in c:::::JlandfIll(s) constructed 
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Appendix V Derivatives of FS with input parameters 
Interface adhesion : dFS 1 
--= 
da Ydhsinb 
Interface friction (JFS cosb(1+ lan
2 J) 
ao sinb 
Unit weight of cover soil : 
cosbtano 
Yd sinb 
htan~ 
a+ Ydhcosbtanb 2YdH cosbsinb 
+ 
YJhsinb cosb-sinbtan~ 
,-,rd,-h_ta..,n-,-~ 
c+--c 
2cosb 
rJH sinb(cosb - sinbtan~) 
Cover soil thickness dFS 
dh 
cosbtano a+Ydhcosbtano ____ ~tan=I/>c-__ _ 
.:...:..:..:....::.:=.::.. - + 
hsinb Yd h2 sinb 2H cosbsinb(cosb-sinb tan 1/» 
Cover soil cohesion . dFS 
de YdH sinb(cosb- sinbtanl/» 
Cover soil friction 
2 c+~Y~dh __ tan~~ 
l+tan tfJ + 2cosb 
2hH cosbsinb(cosb-sinbtantfJ) YdH(cosb- sin btan tfJ)2 
Landfill height 
_(~+ YdhtantfJ) 
: _d_FS_ = _--..,.-'._--"2::;co,,,s;;.b-,-__ 
aH rdH2sinb(cosb-sinbtantfJ) 
Veneer slope inclination 
'iJFS =-tano a+Ydhcosbtano cosb+ htan~ 
ab rdhsin'b ZBcos'b(cosb-sinbtanl!i) 
(c + Yd
h tan~)COSb 
2cosb 
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